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ABSTRACT
THIOL-ENE CHEMISTRY AS AN ENABLER OF NEW POLYMER STRUCTURES
AND ARCHITECTURES
FEBRUARY 2017
JOEL M. SARAPAS, B.S., UNIVERSITY OF MINNESOTA TWIN CITIES
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Gregory N. Tew

This dissertation focuses on two distinct projects: the synthesis and design of
novel cell penetrating peptides mimics (CPPMs), and the implementation of the thiol-ene
click reaction to generate new polymer architectures and chemistries. Guanidinium-rich
CPPMs were generated through both ROMP and RAFT polymerizations, allowing for a
comparison to be made across polymer backbone chemistries with respect to both siRNA
and protein cellular internalization. A particularly effective methacrylate derived block
copolymer was able to deliver siRNA to nearly an entire Jurkat T cell population.
The thiol-ene reaction was implemented initially within the context of improving
material design for solid polymer electrolytes (SPEs), specifically lithium ion separators.
Synthesis of styrene-ethylene oxide multiblock copolymer electrolytes by the
combination of telechelic di-thiol and di-norbornene polymers was performed.
Morphology and conductivity were assessed as a function of conducting block volume
fraction, with encouraging results and robust conductivities above a PEO volume fraction
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of 0.5. Flory-Huggins interaction parameters were also estimated and compared to
literature projections.
New SPE chemistries utilizing thioethers, sulfoxides, and sulfones were also
synthesized through the step-growth polymerization of various di-ene and di-thiol
monomers. When doped with lithium ions, these materials demonstrated comparable
conductivities to PEO, a benchmark SPE, and could be tuned to eliminate crystallization,
a severe drawback of PEO at lower temperatures. These SPEs were also strengthened by
polystyrene incorporation, resulting in block copolymer materials that demonstrated a
room temperature storage modulus of 0.1 GPa, while maintaining high levels of
conductivity. Finally, the universality of the thiol-ene polymerization was demonstrated
by the generation of main-chain carbonate, main-chain zwitterion, and side-chain diol
polymers. Similarly to the above SPE materials, these polymers contained a thioether
functional group that could selectively be oxidized to yield either a sulfoxide or sulfone,
without degrading the polymer or affecting the incorporated functional groups. The
research described in this dissertation is broad-reaching in the field of polymer science
and beyond, covering numerous applications and techniques, and demonstrating
improvements upon standard applied materials.
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CHAPTER 1
INTRODUCTION

1.1 Cell Penetrating Peptides and their Synthetic Mimics
Selective delivery of bioactive cargo to living cells is an incredible prospect with
promising opportunities in many important fields, including therapeutics, cancer
treatment, and vaccines.[1,2] However, the ability of large biomolecules, such as siRNA,
proteins, and plasmid DNA, to enter the cell is severely restricted by the plasma
membrane,[3] though the successful delivery of said materials may have profound effects
on the current biomedical field.[4] Numerous strategies have been suggested to overcome
this problem, but many solutions are hampered by issues such as low efficacy and high
cellular toxicity.[5,6] Cell-penetrating peptides (CPPs) and their synthetic mimics
(CPPMs) represent a viable alternative.[7]
CPPs are a class of short, cationic polypeptides able to deliver large molecules,
such as siRNA, pDNA, and proteins, across the cell membrane.[8] The field of CPPs
began with the discovery of HIV-1 TAT, a protein that was shown to cross cell
membranes with ease.[9] More importantly, biomacromolecules, when covalently
conjugated to TAT, were also able to be internalized into cells.[10] By studying
translocation with smaller segments of the full TAT protein, it was later determined that a
short, cationic domain within the TAT sequence was responsible for this property
(RKKRRQRRR), corresponding to residues 49-57.[11] Generating the same amino acid
sequence with a different chirality resulted in peptides still capable of membrane
translocation, indicating that secondary structure is not crucial for CPP function.[12]
However, when residues within this sequence were modified or replaced with alternate
1

amino acids, such as alanine, uptake into cells was significantly decreased.[13] This
highlights the importance of cationic content for translocation.

Figure 1. Design approach to mimicking CPPs through use of synthetic polymers.
Reproduced from literature reference.[14]
Rothbard and coworkers performed a systematic study investigating the
importance of the chemistry of the cationic charge, as the transduction domain of TAT
contains both lysine and arginine.[15] By measuring the cellular uptake of arginine,
lysine, histidine, and ornithine oligomers it was found clearly that the guanidinium
groups in arginine promote uptake significantly more than either imidazolium or
ammonium groups found in other cationic residues. Due to these and subsequent
findings, cationic guanidinium has become a cornerstone functional group within the
field known as cell penetrating peptide mimics (CPPMs), where synthetic chemists rely
on the identification and polymeric implementation of crucial chemical moieties, polymer
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architectures, and polymer compositions for delivery.[14] These CPPM materials,
generally oligmeric in nature, take inspiration from efficacious biological CPPs, and are
subsequently refined and improved through continuous structure activity relationship
studies.[16]
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Figure 2. Knockdown of NOTCH1 in primary bone mesenchymal stem cells (PBMCs),
via oxanorbornene CPPM-mediated delivery of siRNA, reproduced from a literature
reference.[17] Cells were treated with PTDM/NOTCH1 siRNA complexes or
PTDM/scrambled siRNA with an N:P ratio of 8:1 in complete media for 4 h at 37 °C.
After treatment, cells were washed and then stimulated with plate-bound anti-CD3 and
anti-CD28 for 48 h. All data was normalized to an untreated control (gray bar). (Top)
Relative NOTCH1 levels in PBMCs after 48 h treatment with PTDM/NOTCH1 siRNA
(light blue bars) or PTDM/scrambled siRNA complexes (purple bars). (Bottom) Percent
viable cells following staining with 7-AAD. The data represents the mean ± SEM of four
independent experiments using cells isolated from different donors. *, p < 0.05; **, p <
0.01; ***, p <0.001,; ns = not significant, as calculated by the unpaired two-tailed student
t-test.
Initial CPPMs were closely related to polyarginine (Figure 1). By incorporating a
guanidine group into a modified peptide-like backbone, improved cellular uptake was
4

obtained. Examples of such systems are oligomers based on β-peptide or peptoid
backbones.[13,18] The improved cellular uptake is commonly attributed to the ability of the
modified backbone to impede many natural degradation pathways. Considering this, and
that CPPs like HIV-TAT are effective regardless of secondary structure, applying
synthetic polymer chemistry to the CPPM field seems to be a promising route to well
controlled, tunable CPPMs. Moreover, costly synthesis and purification of peptide-based
CPPMs can be circumvented by utilizing well-established synthetic polymerization
techniques. Indeed, several groups have developed polymerization platforms that
incorporate guanidine groups for translocation and transfection.[19–21]
A particularly early example of a synthetic CPPM platform developed by
Kiessling and coworkers utilized post-polymerization addition of an amino-guanidine to
an activated ester functionalized polymer made through ring-opening metathesis
polymerization (ROMP).[20] The resulting polynorbornene derivatives were able to
localize into cells, confirming uptake when functionalized with a dye. This platform has
been extended to allow for the synthesis of block polymers with varying functionality. [22]
Other examples of CPPMs include a guanidine bearing oligocarbonate[21] and
oligophosphoester[23] scaffold developed by Wender and coworkers through ring opening
polymerization, as well as a guanidine containing polymethacrylamide system developed
by McCormick

and

coworkers.[24]

These

systems

also

demonstrate

cellular

internalization, reinforcing the critical importance of guanidinium incorporation.
By expanding upon ROMP as a method to generate CPPMs, our own group has
developed and studied a broad range of polymers derived from oxanorbornene open-ester
monomers.[17,25–28] Early molecules include dye-functionalized polymers bearing either

5

one or two guanidinium units. These polymers, similar to the aforementioned CPPMs
were found to cross the cell membrane, demonstrating very high uptake.[25] The impact of
hydrophobic incorporation, as inspired by numerous chimeric CPPs,[29,30] has resulted in
copolymers capable of coordinating and delivering biologically relevant cargo, such as
siRNA and protein.[17,31] Recently, a systematic study was conducted to determine the
optimum hydrophobic window for the delivery of siRNA into Jurkat T cells. [28] In a
similar system, it was found that an important interplay exists between cationic block
length and delivery efficiency of siRNA into Jurkat T cells, with 20 repeat units of diguanidinium monomer being optimal (Figure 2).[17] The sequence segregation of the
hydrophobic moieties, commonly a phenyl or di-phenyl containing oxanorbornene
monomer, was also shown to dramatically affect uptake efficiency, with gradient and
block copolymers outperforming alternating hydrophobic-guanidinium polymers (Figure
3).[27] In all of these cases, delivery was accomplished without covalent conjugation of
cargo to CPPM, something that is usually impossible using the CPPs listed earlier. These
structure-property studies are strong examples of progress that is enabled by new
synthetic platforms and approaches.
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Figure 3. (Left) EGFP deliver into Jurkat T cells, as facilitated by oxanorbornene
polymers containing hydrophobic content in either an alternating (1), gradient (2), or
block (3) architecture (60nM EGFP; 20/1 molar ratio PTDM/EGFP). (Right) Dependence
of cellular internalization on protein concentration (PTDM/EGFP molar ratio was held
constant at 20/1). Data points represent mean  SEM (standard error of mean) of at least
three independent experiments. n.s.(p>0.05), **(p<0.01), ***(p<0.0001) of PTDM 1 vs.
PTDM 2, as calculated by two-way ANOVA followed by Bonferroni post-test. This
study is unpublished, currently under review with Biomacromolecules, and documented
by Sgolastra, Ozay, deRonde, Minter, and Tew. This figure highlights the benefits of
sequence segregation for protein internalization.
While work by our group focusing on oxanorbornene ROMP polymers has
elucidated a wide breadth of design parameters for CPPMs, there is still a general lack of
understanding regarding the impact of polymer backbone on the ability of a given system
to deliver cargo. In particular, there is no particular concentrated effort to generate new
CPPM polymer chemistries with the intention of optimizing performance based on
backbone chemistry. Even so, there are numerous well-developed routes< such as
controlled radical polymerizations, that can enable CPPMs and other protein mimics that
remain unimplemented in this respect. Moreover, it is possible that there exists a cargodependence on CPPM backbone chemistry; that is to say, a certain CPPM may delivery
siRNA efficiently, but not protein (or a specific protein). Thus, the CPPMs that appear in
this dissertation do so in the context of novel polymer systems and backbone chemistry,
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to be optimized across several cargo types. Ultimately, these findings contribute to the
overall design paradigm of CPPMs, and in fact potentially add new therapeutic molecules
to the current repertoire of transfection reagents.

1.2 The Thiol-ene Click Reaction as a Macromolecular Tool
The addition of a thiol across a carbon-carbon double bond is a powerful and
well-studied chemical tool, ranging broadly in application.[32–34] This reaction, when
promoted by a radical, proceeds rapidly and largely in the absence of side products, as
shown in 2007 by Schlaad and coworkers.[35] This addition was first observed in the early
1900s, mediated by UV light,[36] and has since undergone incredible refinement to the
point where this so-called thiol-ene click reaction is a household chemical tool. The
reaction occurs through a chain reaction mechanism, wherein a thiol radical (thiyl) is
generated either through some radical initiator or simple UV bond dissociation.[32] This
radical adds across a carbon-carbon unsaturation, generating a new carbon-centered
radical that can now abstract a hydrogen from a unreacted thiol, propagating the reaction
(Figure 4). Due to the incredibly high chain transfer rate constant (constant for reabstraction from an unreacted thiol), the carbon-centered radical generally does not
participate in chain growth reactions, more specifically of a carbon radical adding across
a carbon-carbon double bond.[37] This is not exclusively true, however, and certain enes,
or carbon-carbon double bond types, that produce extremely stable radicals do not
participate in this reaction well, and in fact can undergo chain growth addition to form
polymers. Ene types known to do this include styrenes, methacrylates, and conjugated
dienes.[33] That being said, given the right conditions and functional group variations, the
thiol-ene reaction proceeds rapidly, in the absence of by-products, is tolerant to both
8

water and oxygen, and forms a bond capable of bridging two molecules. Through these
characteristics, it fits well into Sharpless’ definition of click chemistry.[38]

Figure 4. The thiol-ene reaction, as initiated by a radical photoinitator (left). Thiol-ene
polymerization, utilizing multifunctional enes and thiols to yield a polymer structure
(right).
It is important to expand here that not all enes are created equal, and some
participate in the radical-mediated thiol-ene reaction much more readily than others.
Aside from the special cases mentioned above, where a highly stable carbon-centered
radical is generated, thiol-ene reactivity generally increases with increasing electron
density around the carbon-carbon double bond. Thus, an idealized thiol-ene reaction, or
one that can properly be considered a “click” reaction, occurs when a thiol adds across a
vinyl ether, allyl ether, vinyl silazane, and other highly electron rich double bonds (Figure
5). Norbornene is another special case, wherein the reaction kinetics are not driven by
electron density but instead by alleviating the ring strain norbornene experiences versus
its saturated counterpart. In fact, norbornene is well known to have the highest reactivity
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of all known enes within the context of the thiol-ene reaction, and has been found to
undergo quantitative reaction even at very low concentrations as polymer end groups.[39]

Figure 5. Computationally determined reaction rates of a variety of enes when
participating in the thiol-ene reaction. Reproduced from literature reference.[40]
Due to its extremely fast kinetics, selective reactivity, spatial and temporal
control, and light activated nature, the thiol-ene click reaction has been employed in
numerous materials applications from network synthesis to surface functionalization.[41–
43]

The reaction offers many advantages over traditional free radical network synthesis,

both in terms of oxygen and water tolerance, as well as its ability to generate
homogenous, reproducible materials.[44,45] The latter has allowed the thiol-ene reaction to
become a staple of commercial polymeric networks, and as such is commonly utilized in
dentistry.[32] Another important application in the field of polymer science is postpolymerization modification, wherein again click reactions have found exceptional
purchase.[32,46–48] Indeed, if an unsaturation or thiol can be engineered into a polymer,
10

these functional groups can undergo functionalization or gelation after polymerization is
complete.[35,49] Additionally, the rise of RAFT polymerization has afforded the polymer
community with a plethora of new polymer structures terminated with a thiol, generally
through the nucleophilic substitution

or aminolysis of a dithiobenzoate or

trithiocarbonate. These polymers can then be functionalized either through a disulphide
exchange or a thiol-Michael addition.[50,51] More recently, thiol-ene and thiol-yne
polymerizations have been extended to polymer-polymer conjugation.[41,46,52]

Figure 6. Demonstration of thiol-ene reaction utility, but conjugating a protein to a
RAFT polymer. Reproduced from literature reference.[53]
Even though the thiol-ene reaction has been known for over 100 years and has
seen broad application for network synthesis, substantially less effort has focused on the
formation of linear, step-growth polymers by the radical thiol-ene addition. Marvel and
coworkers were one of the first groups to identify the addition of a thiol across a doublebond as a potential reaction to produce linear polythioethers.[54–61] Through these studies,
Marvel was able to demonstrate that thiol reactivity played an important role in polymer
formation, and also that indeed, the polymerization proceeds by a step-growth
mechanism. Over the last six decades, there have been reports documenting the stepgrowth polymerization of single monomer styrenic thiols and two monomer systems
utilizing aliphatic dithiols, diallyl ethers, divinyl ethers, and α,ω-alkylene thiols.[62–65]
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Recently, Deubel et al. reported the step-growth polymerization of a series of
polythioethers from α,ω-alkylene thiols.[65] This synthesis produced polymers with welldefined structure, and allowed for control of the carbon spacer between thioether units.
Another interesting example from the literature uses the thiol-ene polymerization to
produce a series of polyimides, demonstrating that by varying the thiol functionality the
thermal properties of the final materials could be controlled.[66] All of these examples
indicate that indeed the thiol-ene polymerization is capable of producing interesting and
functional polymers, but there lacks a general approach to such materials and their
potential redox sensitivity. This dissertation considers the thiol-ene reaction in two
capacities: as a method to realize new, interesting polymer chemistries, and as a route to
efficient polymer-polymer conjugation. By making advancements in these areas, we
broaden the effective use of the thiol-ene reaction and provide new tools to
macromolecular scientists for materials generation.

1.3 Multiblock Copolymers
Block copolymers are molecules consisting of two or more chemically distinct
segments that are covalently tethered. Their most noteworthy feature, microphase
separation, occurs when the segregation strength between blocks becomes high
enough.[67] This segregation strength is defined as the product of the chemistry of the
blocks (χ) and the degree of polymerization (N), and is written χN.[68–70] The resulting
morphology is also determined by the volume fraction of the block copolymer
components. For the simplest system, a linear diblock copolymer, four ordered
equilibrium phases have been observed: body centered spheres, hexagonally packed
cylinders, the bicontinuous gyroid phase, and the lamellar phase.[68,71,72] The addition of
12

just one more distinct chemical block generates a myriad of new possible morphologies,
highlighting the complexity of higher order block copolymers.[73] Systems further
complicated by the addition of extra blocks or block chemistries have received some
attention in the literature, though the potential for interesting morphologies makes this
area rich for study. In this direction, however, there has recently been an increased
interest in materials with both more chemically distinct blocks as well as those with a
higher block order, or more repeating blocks of the same chemistries. This second class
of materials can more simply be referred to as multiblock copolymers (MBCs), and have
their own thermodynamic and morphological characteristics.[68,74–76]

Figure 7. Phase diagrams of (left) symmetric linear AB diblock polymers and (right)
infinite linear alternating (AB)n multiblock polymer. The block length N in the
multiblock case is defined as the diblock length when cutting non-end diblocks in half.
Modified from literature reference.[77]
The MBC phase diagram (Figure 7) is, at first glance, quite similar to that of the
diblock copolymer. A key discrepancy is that the order-disorder transition boundary is
shifted to lower χN values (on a per-diblock basis). For example, a linear diblock with fA
= fB = 0.5 will order at χN = 10.5 per diblock unit (1), whereas an eicosablock copolymer
13

(20 blocks) will order at χN = 7.7 per diblock unit (19).[75,77,78] Phase separation and
specific morphologies for MBCs are also complicated by the fact that many of the blocks
are now tethered at both ends. While organized equilibrium morphologies similar to those
seen for diblocks are certainly possible and have been observed before, disordered
microphase separation seems to dominate when rigorous annealing is not performed.[52,79–
81]

Additionally, since a single MBC chain can span several microphase separated

domains, a clear increase in mechanical toughness has been observed.[79] A styrenebutadiene MBC prepared by Lee et al. was compared to an SBS triblock copolymer of
similar volume fraction and molecular weight. The MBC sample was found to be
significantly tougher by tensile testing, and included a large span over which plastic
deformation occurred.[82] A MBC series of thermoplastic elastomers, consisting of
polyethylene and poly(ethylene-alt-propylene), also demonstrated an increase in strain at
break at high block number when compared to di- and triblock copolymers of similar
molecular weight.[83] This was explained by the increased number of crystalline domains
a single MBC chain could contribute to.
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Figure 8. Different approaches to multiblock copolymer synthesis, through either (top)
sequential block addition by living polymerization or (bottom) macromonomer
condensation through telechelic polymer conjugation.
In spite of their useful and unique properties, MBCs are notoriously difficult to
synthesize. A standard synthesis by anionic polymerization requires many monomer
additions to an extremely reactive and sensitive chain end.[75,83] Each addition increases
the risk of chain death, and thus betrays the integrity of the final MBC. Regardless,
anionic polymerization is by far the most common way to prepare chain growth MBCs,
and has contributed many samples critical for our fundamental understanding of these
materials.[74] However, for MBCs to reach broader applications, simpler syntheses must
be realized. Recently, an eicosablock copolymer with exquisite control was made using
RAFT, which eliminates the water sensitivity that plagues anionic polymerization. [84]
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Even so, such block-by-block additions are very time consuming, and RAFT remains
oxygen sensitive.
In order to greatly simplify synthesis, MBCs have also been made by linking
telechelic macromonomers together using high yielding reactions in a step-growth
fashion (Figure 8).[74] This type of synthesis generates materials with a polydisperse
number of blocks. Interestingly, there are no studies to our knowledge that investigate
how the dispersity with respect to number of block affects a multiblock copolymer
sample, versus say a multiblock copolymer synthesized through anionic polymerization.
This question is one that may be of interest to a current or future graduate student
working in this area. Reports of macromonomer condensation strategies include urethane
formation,[79,80] acid chloride condensation,[81] alkyne azide click chemistry,[85] and thiolMichael addition.[86] These reports highlight that beneficial properties of MBCs are still
achievable even when using a non-living method, as highlighted by improved mechanical
properties through many of these samples (Figure 9). However, while all of these
examples are simpler than sequential block addition by living polymerization, they are
each, in their own right, sensitive to either water or oxygen.
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Figure 9. Stress-strain curves of a linear alternating polystyrene-polybutadiene
multiblock copolymer (PS-alt-PB-3) and a linear triblock SBS polymer (LN1) of similar
molecular weight and volume fraction PB. These data show that by changing from a
triblock to a multiblock architecture, dramatically improved toughness can be achieved.
Reproduced from literature reference.[79]
Within in this dissertation, synthesis of MBCs by the air and water tolerant thiolene click reaction is approached and studied.[52] Historically, the thiol-ene reaction has
been used in countless applications for polymer and network synthesis and modification
as discussed above, but has been largely unsuccessful for quantitative polymer-polymer
conjugation.[32,87] To overcome this, we use the extremely reactive norbornene group as
polymer end groups, as well as primary thiols, for efficient MBC synthesis.[32,40] This
synthetic route, that is to say utilizing norbornene and thiol functionalized polymers for
MBC generation, is a large component of this dissertation, and discussed at length in
Chapters 3 and 4.
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1.4 Solid Polymer Electrolytes
Solid polymer electrolytes (SPEs) are polymeric materials capable of dissolving
and facilitating the movement of ions.[88,89] Specific polymer chemistries generally
include functional groups capable of interacting with a cationic lithium ion, to the point
where solvation becomes possible. If a material properly dissolves lithium, it is
commonly extended and studied within the field of separators for lithium ion batteries.
Due to their low toxicity, low flammability, and lack of volatile solvents, SPEs offer
numerous safety related advantages over commercial liquid organic electrolytes.
Polyethylene oxide (PEO) in particular is known among SPEs to conduct lithium ions
well, and has been extensively studied as a linear homopolymer, as well as in a wealth of
architectures including block copolymers, dendrimers, graft copolymers, multiblock
copolymers, and star polymers.[90–96] Several systems utilizing short oligo-ethylene oxide
side chains from methacrylate, PDMS, phosphazine, and norbornene based monomers
have also been developed.[96–99] Ultimately, these studies demonstrate that lithium ions
within PEO conduct through polymer backbone relaxations, shown in Figure 10, as
opposed to lithium ions hopping from one coordination site to the next. Because of this,
generally optimizing for low glass transition temperatures, thereby increasing the
frequency of backbone relaxations and conductive events, seems to be the key to SPE
implementation. Even so, to this date PEO-based materials fall short compared to their
liquid electrolyte counterparts, with ion conductivities several orders of magnitude too
low for many commercial applications.
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Figure 10. Cartoon demonstrating lithium ion transport through PEO backbone
relaxations. Reproduced from literature reference.[100]
It is generally believed that increasing the dielectric constant of an SPE by way of
introduce more polar groups into the polymer is a promising route to higher conductivity
materials.[89] Through this design principle, however, efforts to develop new, better
conducting SPEs not reliant on alkylene oxide backbones are usually hampered by high
glass transition temperatures that come with the polar functional groups required to
coordinate lithium ions.[89] Regardless, several elegant platforms have been developed
that rival PEO conductivity, mostly focusing on polycarbonate and polyester
backbones.[101–106] Even so, this work still relies on oligo(ethylene oxide) pendant groups,
though it is unclear if these groups contribute to conductivity through lowering the
material Tg or by conducting lithium ions themselves. DeSimone and coworkers also
developed and tested a series of carbonate end-capped perfluoropolyethers.[107] These
polymers displayed extremely low Tg values (~ -100 °C), as well as transference numbers
approaching 1, due to the strong polymer-TFSI anion interaction.
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Figure 11. Comparative conductivity values of several PEO-lithium systems (1-5) as
well as several lithium-inorganic systems (6-10), highlighting the significant decrease
observed for lithium-polymer electrolytes. Reproduced from literature reference.[88]
Surprisingly, polymeric thioethers (alkylene sulfides) have received almost no
attention for ion transport systems. In 1986, Clancy et al. described the synthesis of a
series of polyalkylene sulfides through a dibromo- dimercapto-alkane condensation
reaction and subsequent Ag+ conductivity.[108] Comparable conductivities were found
when compared to other Ag+-PEO systems, and in fact polythioethers outperformed their
oxide counterparts using a heteroatom density metric. With respect to Li+, Johansson
showed that from a computational standpoint, polythioethers may in fact demonstrate
improved conductivity over PEO due to the large atomic size of sulfur and lower binding
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strength to lithium ions.[109] However, it was cautioned that due to the lower binding
strength, lithium ion solubility in polythioethers may be limited. Therefore, generating
polymers with the appropriate balance to solubilize lithium salts yet provide enough ion
mobility from thioether functional groups is expected to be nontrivial. In this context, it
should be noted that small molecule sulfones and sulfoxides have attracted attention as
potential alternatives to traditional carbonate solvents for lithium ion batteries, due to
their high conductivities and electrochemical stability.[110,111] The high polarity of these
functional groups tends to lead to higher Tg materials, which has likely limited the
number of reports in the literature discussing sulfoxide and sulfone containing SPEs. In
one rare example, Allcock and coworkers reported moderate Tg polyphosphazines
containing sulfoxides and sulfones that were poor lithium ion conductors without the
addition of an ionic liquid.[112]

Figure 12. Cartoon depicting a block-copolymer electrolyte, specifically containing PEO
and PS.
When engineered properly, SPEs are capable of addressing important issues other
than safety facing lithium batteries. In a lithium metal cell, the discharge phase results in
an oxidation reaction, converting lithium metal to Li+, generating a great deal of energy.
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Single use, non-rechargeable lithium metal batteries taking advantage of this reaction
have already been commercialized and are commonplace among high end camera power
sources. However, attempting to make a rechargeable lithium metal cell introduces new
challenges, as during recharging, lithium metal plates at the anode. If plating occurs
unevenly, dramatic inhomogeneities known as dendrites can develop.[113,114] If these
dendrites ripen to the point of spanning the electrolyte (that is to say, to the cathode),
catastrophic failure of the system will occur. By designing block copolymer SPEs that
contain two block chemistries with specific properties, one block capable of dissolving
and shuttling lithium ions through the material and one block that is mechanically rigid,
ion conduction can still occur unperturbed while the rigid phase prevents dendrite
growth.[89,90,115–119] Polystyrene-block-polyethylene oxide electrolytes, a particularly
popular SPE system dubbed “SEO”, contains PEO for lithium solvation and conduction,
and PS for mechanical stability and resistance to dendritic growth.[89,91,118,120] Work on
optimizing conduction efficiency indicates that smaller grain size, or more poorly
oriented lamellae, provide materials with conductivities five times greater than their
highly ordered counterparts.[90,92] Due to reports of MBCs displaying disordered phase
separation, SEO MBC materials could indeed be strong candidates for lithium ion
conduction, and are the topic of Chapter 4 within this dissertation.
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Figure 13. Relative conductivity in a single SEO system as grain size (L) increases.
Conductivity is seen to decrease as grain size and thus ordering increase, indicating that a
disordered phase separation is ideal for highly conductive biphasic polymer electrolytes.
Reproduced from literature reference.[90]
Recently, Teran et al. reported a rigorous study of SEO block copolymer
electrolyte thermodynamics.[121] A molecular weight series of nearly symmetric SEO
block copolymers, between 3 and 15 kg/mol, were analyzed at varying salt concentrations
and temperatures, using the random phase approximation (RPA) fit on disordered
scattering to determine the effective Flory-Huggins parameter, χeff, for a given set of
conditions.[122] The dependence of χeff for PS and PEO containing LiTFSI (PEO-Li) as a
function of the degree of polymerization N, temperature T, and r (defined as [Li]/[EO]),
was determined, and the following equation was reported:[121]
𝜒𝑒𝑓𝑓 = 𝐴(𝑇) +

𝐵(𝑇)
𝑁

+

𝐶(𝑇)
𝑁

[1 − exp (

−𝐷(𝑇)𝑟
𝑁

)]

where A(T), B(T), C(T), and D(T) are functions of temperature.
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(1)

Later in this dissertation, this equation is applied to our samples, recognizing that
it was created using samples near symmetric volume fractions, and may not hold for
highly asymmetric samples. Also, here we look at MBC samples instead of diblock
copolymers, further complicating this approximation. We also used the RPA fit for
diblock copolymers to estimate an experimental, qualitative χRPA value for salt containing
samples that display disordered scattering, and compared the two results.
This dissertation approaches the improvement of SPEs through two routes. In
Chapter 4, SEO MBCs are employed to provide both a rigid and a conducting domain.
MBCs are more likely to phase separate in a disordered manner, and thus should provide
high conductivities. In addition to SEO materials, new chemistries are described for
potential SPEs in Chapters 5 and 6. The utilization of linear polythioethers, sulfoxides,
sulfones, and carbonates is appraised. While such molecules have been of theoretical
interest because of their high dielectric permittivity, polymers with these functional
groups usually have very high Tg values.[89,112] Here, we incorporate alternating alkylene
oxide groups in hope of decreasing Tg without compromising conductivity.
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CHAPTER 2
CELL PENETRATING PEPTIDE MIMIC DESIGN, SYNTHESIS, AND
CHARACTERIZATION

2.1 Introduction
Cell penetrating peptides (CPPs), as discussed in the section 1.1, are a class of
small, cationic peptides capable of coordinating and delivering bioactive cargo into
mammalian cells.[8] In particular, biomacromolecules, such as DNA, siRNA, and
proteins, have been of significant interest as target cargoes because of their potential
therapeutic effects.[6] For example, peptidic antigens are capable of eliciting an
immunological response if delivered to dendritic cells,[123] while siRNA can be delivered
to suppress a certain gene, causing a substantial biological effect.[4] CPPs are known to
require the incorporation of basic amino acids to function properly as delivery agents. [13]
Within this group of residues, arginine, and subsequently polyarginine, has been shown
to result in the most efficacious cellular uptake, indicating that the guanidinium cation
present in arginine is crucial for this property.[13] Moreover, the presence of a blocky
hydrophobic section has shown to further improve binding and uptake of cargo. [30]
Within this chapter, we extend these design parameters from the strictly biological realm
to synthetic polymers, utilizing controlled polymerization techniques to create a new
generation of cell penetrating peptide mimics (CPPMs).[14]
Increased guanidinium density has been shown to enhance cargo interaction and
cellular delivery by CPPMs.[17,25] As such, the first objective of this work was to develop
polymeric CPPMs that maximize guanidinium density. The non-trivial synthetic nature of
these polymers, as well as a potential outlook for analogues, is presented. More
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thoroughly, the impact of CPPM backbone chemistry was studied by synthesizing a
family of guanidinium-containing polymers with a variety of chemically distinct
backbones

through

several

polymerization

techniques.

These

polymers

were

characterized both biophysically and biologically, specifically for their ability to
coordinate and delivery two types of cargoes, namely siRNA and protein. The synthesis
of these materials, their properties, and further outlook is provided within this chapter.

2.2 Attempted Increase of Guanidinium Content in CPPM Monomers
To maximize guanidinium content in ring opening metathesis polymerization
(ROMP) -based CPPMs, three possible routes to bridgehead-functionalized fulvenederived bicyclic monomers were envisioned.[124] These strategies involved the Diel-Alder
4+2 cycloaddition of a functionalized diene with the dienophile maleimide (Scheme 1).
Ideally, the exo adduct would be purified by recrystallization, after which further
functionalization at the imide position could be performed to introduce the di-Bocguanidine moiety through a simple Mitsunobu coupling. The exo isomer is the preferred
isomer target for ROMP, as in general exo bicyclics have shown much faster rates of
polymerization compared to their endo analogues.[125] This allows for improved control
over the polymerization, as well as more rapid polymer generation. Previous work in our
group only considers the polymerization of exo bicyclic monomers.[126,127]
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Scheme 1. Failed attempts at increasing guanidinium content in synthetic CPPMs.
Each strategy to monomers with increased guanidinium content utilizes a
different, functional diene for the cycloaddition with maleimide. The first strategy
considers pyrrole, an analogue to cyclopentadiene containing a secondary amine instead
of a saturated carbon. Upon successful cycloaddition with maleimide, guanylation of the
now

bridgehead

secondary amine

would

be

performed

using

1,3-di-Boc-2-

(trifluoromethylsulfonyl)guanidine. This is a common and widely used reagent to
introduce guanidine functionalities, and is most often attacked with a primary amine;
however, secondary amines are indeed nucleophilic enough to participate in this
reaction.[128] Unfortunately, the theoretical Diels-Alder adduct of pyrrole and maleimide
is only observed at very high pressures and tempertatures, and rapidly undergoes a retro-
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Diels-Alder reaction upon cooling.[129] Thus, this monomer platform was abandoned, and
other routes were pursued.
The second proposed diene to increase guanidinium content took advantage of the
inherent acidity of cyclopentadiene and the relative nucleophilicity of its conjugate
base.[130] 2-(Boc-amino)ethyl chloride was dissolved dry THF and cooled to 0 °C. A 2M
solution of stoichiometric sodium cyclopentadienide in THF was added dropwise, after
which the ice bath was removed and the reaction was refluxed for 3 hours. After
purification in 5 : 1 hexanes : ethyl acetate, an oil was recovered and analyzed by 1H
NMR. This was indeed the Boc-amino ethyl substituted cyclopentadiene; however, in
accordance with Zaitsev’s rule, the predominant product was substituted at the ene
postion, instead of the bridgehead as a result of rapid isomerization. These two products
could not be purified from one another by trivial means, and thus were similarly
abandoned.
The third strategy to incorporate guanidinium at the byclic monomer bridgehead
focused on a hydroxyl-fulvene diene synthesized through the Knoevenagel condensation
of cyclopentadiene with a hydroxyl aldehyde that could further functionalized ultimately
to a guanidine.[124] Each product in this pathway was synthetically accessible, including
the hydroxyl-fulvene, the TBS-protected fulvene, the Diels-Alder adduct with succinic
anhydride, the imidation to the Boc-amine, and the deprotection of the TBS group with
TBAF. However, due to the low yield, particularly during the cycloaddition step, and the
high number of steps required to obtain monomer, this synthetic pathway was not
pursued.
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A final approach attempted to access higher guanidinium density molecules is
described here, though this approach differs from the previous strategies in that instead
of using a functional diene in a Diels-Alder reaction, an already synthesized adduct is
functionalized. Here, di-amino isopropanol was di-guanylated with two equivalents of
1,3-di-Boc-2-(trifluoromethylsulfonyl)guanidine and used to ring open cis-5-norborneneexo-2,3-dicarboxylic anhydride, after which a second alcohol, bearing either one or two
di-Boc guanidines, is attached using an EDC coupling.[131] These reactions are successful,
though low yielding due to the steric hindrance of the particularly bulky alcohol. The
primary problem with this route, however, is the extreme difficult of purification of the
resultant monomer from the unreacted Boc-guanidine alcohol. This issue exacerbates the
already low yield, making this strategy particularly difficult to employ. However, an
analogous polymer, containing only one di-guanidine side chain, was synthesized
successfully and is reported in a later section.
Though reversible-addition fragmentation chain transfer (RAFT) polymerization
CPPMs has not been fully introduced at this point in the thesis, the strategy of using a
Boc-protected di-guanidine alcohol was extended here as well. Both a styrenic diguanidine and a di-guanidine methacylate were successfully synthesized and purified.
However, attempted polymerization through RAFT returned only monomer, and free
radical polymerization with AIBN resulted in extremely short oligomers, likely dimers
and trimers, by gel permeation chromatography (GPC). We hypothesize that this is due to
the extreme steric hindrance of four pendant Boc groups. Either the polymerization rate
of these monomers is too low to achieve any reasonable degrees of polymerization, or the
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side chain is simply too bulky altogether to allow for chain elongation to be physically
possible.[24]
While the attempts to maximize guanidinium density in CPPMs proved fruitless
in this work, a greater understanding of important considerations when undertaking this
effort has been gained. Moving forward, if a bridgehead functionalization route is
preferred, using a Boc-guanidine aldehyde in the cyclopentadiene Knoevenagle
condensation would dramatically decrease the required steps, thereby improving overall
yield and accessibility to the corresponding CPPMs. Alternatively, we hypothesize that
removing the Boc groups from the di-guanidine methacrylate or styrene monomers would
substantially decrease their overall steric hindrance. This would allow them to much
more effectively participate in RAFT polymerization, which could be performed either
aqueously or in a solvent such as DMF or DMAc. The resulting materials would
represent the highest guanidinium density ever synthesized by our group, and possibly
the CPPM community, as there would be two gunaidinium moieties per repeat unit,
where each repeat unit is two carbon-carbon σ bonds in length. As higher guanidinium
density has been shown to improve efficiency, a density of one guanidinium per carbon
bond along the backbone would likely lead to very efficacious transfection reagents.

2.3 Synthesis of CPPMs with Novel Backbones
Synthetic CPPMs have demonstrated themselves as extremely useful tools for
determining and understanding the important structural factors critical for CPP function.
Specifically, by performing well-designed structure-property relationship studies,
scientists can elucidate important chemical functional groups, both charged and
hydrophobic, and determine what types of polymer architectures, structures, and lengths
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perform the best. Early CPPM studies in this vein revealed guanidinium as the critical
charge-bearer, and further work from our own group has demonstrated optimal charge
block length (usually 20 repeat units)[17] and hydrophobic-hydrophilic segregation
architecture.[28,132] However, there is a general lack of understanding regarding how
polymer backbone chemistry affects the resultant cargo coordination and subsequent
delivery. Because of the huge diversity of both synthetic and natural backbones, there are
numerous features that can play a role in the aforementioned interactions, such as the
large amide dipole moment of a peptide or the hydrophobic, rigid oxanorbornene unit of
a ROMP-derived CPPM. To address this issue, a series of polymeric CPPMs, generated
using two different controlled polymerization techniques, has been designed, synthesized,
and characterized for delivery of two cargoes (Figure 14). We isolate backbone chemistry
as a variable by maintaining charge content at 20 cations per polymer, which has been
shown to be effective.
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Figure 14. Guanidinium-containing polymers used in this study. Polymers were
synthesized by RAFT (green) and ROMP (purple) to vary backbone composition. R =
~C(CH3CN)(CH2)2COOH.
The polymerization techniques used for this work were ROMP and RAFT,
meaning that the corresponding polymers are either the result of the ring opening of a
strained bicyclic or the addition polymerization of a double bond. As such, we can
dramatically change backbone chemistry by careful monomer design. By utilizing
multiple polymerization techniques, maintaining cationic content across polymers, and
subjecting each resulting CPPM to the same performance tests, we can begin to identify
how particular backbones promote or prohibit delivery. Additionally, we tested multiple
cargo types (siRNA, protein) for delivery using these polymers, which highlights
important cargo dependent differences that should be considered when designing
transfection reagents. These findings contribute to the overall design paradigm of
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CPPMs, and in fact potentially add new therapeutic molecules to the current repertoire of
transfection reagents, as will be shown shortly.

Scheme 2. Synthesis of guanidinium containing CPPMs through RAFT polymerization.
To effectively probe backbone chemistry as a CPPM variable, a wide variety of
polymer structures were targeted (RAFT structures in Scheme 2, ROMP structures in
Scheme 3). Norbornene derived monomers bearing either one or two guanidine groups
were designed as the closest relative to previously reported oxanorbornene based CPPMs.
Notably, the oxygen bridgehead atom present in the oxanorbornene polymers was
replaced with a carbon, which in turn enabled the synthesis of monomer 3 due to the
stability of the norbornene carboxylic acid Diel Alder adduct.[133] Monomer 4, which
contains two guanidine units, was ultimately polymerized to two different lengths (DP =
10, 20), to assess polymers with both 20 cationic moieties and 20 repeat units. This
allowed us to compare all polymer structures both as it relates to charge content, as well
as degree of polymerization. Poly-7, a membrane active polymer previously reported by
our group containing an imide instead of two ester groups,[19] was also included to
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contrast the relatively hydrophobic ROMP backbones of Poly-4 through Poly-6.
Additionally, Poly-8 is included here not to determine the effect of backbone chemistry
but instead guanidinium proximity to one another. ROMP monomers were synthesized
using slightly modified literature procedures.[25] The single-armed norbornene monomer
was made through the EDC coupling of the corresponding Boc-guanidine alcohol to
norbornene carboxylic acid, whereas the di-norbornene monomer was synthesized by the
ring-opening of norbornene anhydride with the same alcohol. Coupling a second
equivalent of alcohol yielded the desired monomer. Finally, the imide monomer was
made using a Mitsunobu coupling of the same alcohol to a furan-maleimide Diels-Alder
adduct. The monomer for Poly-8 was made by first di-guanylating diamino isopropanol
and then coupling that to norbornene carboxylic acid using EDC.
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Scheme 3. Synthesis of guanidinium containing CPPMs through ROMP.
Transitioning to RAFT polymerization allowed for the synthesis of polymers with
distinct backbones compared to their ROMP counterparts.[134] Methacylate and styryl
derived monomers were synthesized by the EDC coupling of the Boc-guanidine alcohol
to an appropriate carboxylic acid. In particular, monomer 1, and by extension Poly-1 and
Poly-2, are chemically simpler than their ROMP and styryl cousins. In terms of ultimate
guanidinium density per polymer molecular weight, these molecules are expected to most
closely resemble polyarginine. It should be noted that Poly-2 includes a hydrophobic
methyl methacrylate block, mimicking previous blocky CPPMs that incorporate
hydrophobicity to improve delivery of their cargo. This polymer tests whether or not that
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particular design principle is universal across backbones. The styryl monomer 2, in
contrast to all other monomers, includes a hydrophobic aromatic group, which was
expected to impact both cargo coordination and delivery.
Table 1. Molecular weight properties of CPPMs in this study.
Theoretical
Polymer
DP

GPCa
Conversionb
Mnc

(g/mol)

Mwd

(g/mol)

Ɖ

e

Poly-1

40

8300

9800

1.18

47%

Poly-2f

20

9700

11600

1.20

97%

Poly-3

40

9500

12000

1.26

50%

Poly-4

10

10800

11800

1.09

>99%

Poly-5

20

7900

9000

1.14

>99%

Poly-6

20

12900

15400

1.20

>99%

Poly-7

20

7800

8100

1.05

>99%

Molecular weights and Ɖ determined using PMMA standards for Poly-1, Poly2,
Poly-4-Poly-7, and PS standards for Poly-3. THF was used as the eluent at a flow rate
of 1 mL/min. bDetermined by 1H NMR. cNumber average molecular weight. dWeight
average molecular weight. eDispersity, as determined by Mw/Mn. fInitiated from a
2200 g/mol PMMA macro-CTA.
a

The CPPMs studied here were designed to be analogous to one another with
respect to guanidinium content (20 charges), isolating backbone chemistry as a variable.
In spite of this, the polymerization routes to achieve these materials differed dramatically.
Norbornene and oxanorbornene imide monomers were polymerized by ROMP, a
technique known for its functional group tolerance, fast polymerization times, low
dispersity (Ɖ) products, and living nature.[135] Polymers derived by this method from
single guanidine-containing monomers (Poly-4, Poly-7) had extremely narrow
dispersities and were achieved with short polymerization times (Table 1). However, di36

guanidine polymers Poly-5 and Poly-6 required longer times, and demonstrated slightly
higher dispersities, particularly with increasing degree of polymerization. This finding is
consistent with longer polymerization times our group has previously found exploring diguanidine oxanorbornene polymers. Thus, it seems that increasing polymerization times
are in some way proportional to the sterics of monomer. Even so, all ROMP
polymerizations resulted in quantitative monomer conversion in less than two hours.
However, the resulting polymers with a carbon bridgehead had higher dispersities than
those containing an oxygen atom. This phenomenon is not unique, as norbornene based
monomers have been shown in the past to proceed with less control than oxanorbornene
analogues. Interestingly, both single-armed norbornene monomers yield a very narrow,
well defined distribution, indicating a great deal of control.

Figure 15. Representative GPC of a ROMP-based CPPM (Poly-4).
Poly-1 and Poly-2 were generated using RAFT, a technique sharing many of the
benefits of ROMP (GPC seen in Figure 16).[136] When compared directly to ROMP,
however, dispersities are slightly broader, conversions are lower, and polymerization
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times are often longer. These drawbacks are observed here as well, with dispersities of
1.18-1.26, conversions near 50%, and polymerization times of roughly six hours. It
should be noted that conversions were intentionally kept below 50%, as higher
conversions were associated with significantly increased dispersities (Figure 17) and loss
of polymerization control. Above 50%, an increase in conversion was still observed, but
very little to no increase in molecular weight was seen. Through these conversion studies,
rate constants were observed for both monomer 1 and 2, with the methacrylate monomer
polymerizing faster (Figure 18). This is unsurprising, as methacrylate monomers are
known to yield less stable radicals than styrene monomers, and thus polymerize at a
higher rate.
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Figure 16. GPC traces demonstrating the chain elongation of a PMMA macro-chain
transfer agent with monomer 1 to yield Poly-2.

Figure 17. Mn (left axis) and Ɖ (right axis) plotted against conversion of 1 and 3.
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Figure 18. Determination of 1 and 3 rate constants in toluene, [M] = 0.2 M, 75 ºC. kp, 1 =
8.3 x 10-5 L·mol-1·s-1 kp,3 = 4.5 x 10-5 L·mol-1·s-1.
Polymers synthesized through RAFT also retained the dithiobenzoate moiety
responsible for chain transfer. In order to deprotect the Boc-guanidine groups, a 1:1
TFA:DCM treatment was used, which would in turn hydrolyze the dithiobenzoate to a
thiol. The resulting end-functionalized thiol polymers are capable of dimerizing, which
would convolute the effective molecular weights of the CPPMs. Thus, an end-group
removal step was performed for all RAFT polymers, using 20 eq. of AIBN in 70 °C
toluene and eliminating the opportunity for thiol functional polymers after
deprotection.[137] There was no significant change in dispersity or molecular weight by
GPC after this end-group removal step was performed. Additionally, UV-Vis was used to
demonstrated that complete removal of the dithiobenzoate was achieved (Figure 19). In
spite of these drawbacks (low conversion, long polymerization time, end group removal),
RAFT allows for the inclusion of a plethora of monomers, both commercial and tailored,
into CPPM materials that are otherwise not accessible through ROMP. This is
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highlighted by the incorporation of a methyl methacrylate block in Poly-2, a very
common commercial polymer, which results in a dramatic improvement in siRNA
delivery. This is only one example of a novel CPPM structure afforded by RAFT.
Obvious extensions involves incorporating other commercially available monomers with
our custom guanidine monomers to understand how tuning the hydrophobic block in
RAFT CPPMs affects activity.

Figure 19. UV-Vis of Poly-1 before (blue) and after (red) the removal of the
dithiobenzoate end-group with excess AIBN.
2.4 Biophysical Characterization
It has been hypothesized that CPPMs display much of their efficacy due to their
ability to interact with cellular membranes.[138] After the initial interaction, there are
thought to be several possible mechanisms by which the enter cells, namely endocytosis
and direct translocation.[139] To assess initial membrane activity, we have historically
tested our CPPMs for their ability to disrupt egg-yolk phosphatidylcholine large

41

unilamellar vessicles (EYPC-LUVs) generated in the lab.[140,141] The 100 nm vesicles are
loaded with a dye, specifically 5(6)-carboxyfluorescein (CF), which self-quenches at high
concentration i.e. within the vesicle. If the vesicle is disturbed enough, in this case
through the introduction of a polymer, the dye can leak to a lower concentration solution,
where it will fluoresce and can be used as a marker for vesicle perturbation. Doing this at
increasing polymer concentrations and determining the corresponding dye fluorescence
intensity allows us to find the EC50 of our polymers, or the concentration at which half of
the dye has been released. We can also determine the Ymax, which is the relative amount
of dye released when compared to a surfactant treatment.

Figure 20. Dye release data of RAFT-based CPPMs (left) and ROMP-based CPPMs
(right). Data points are the statistical average of three independent trials, where error bars
represent the standard error. Lines fit through data are Hill Plot fits, using calculated EC50
and Ymax values.
Our group has assessed numerous polymer-vesicle interactions, generally through
ROMP copolymers where the hydrophobic moiety is varied, and the guanidiniumcontaining portion is maintained.[140,142,143] It has been shown both that aromaticity is
important for lipid and vesicle interaction, but not necessarily required, as polymers with
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aliphatic hydrophobic have performed similarly well. Here, this same vesicle dye-leakage
assay was used to determine the relative membrane activity of the CPPMs with different
backbone chemistries, and from there to establish how different functionalities and
hydrophobic components affect activity.
Table 2. Compilation of vesicle disruption properties by CPPMs.
Polymer

EC50, µg/mL

Ymax

logP

Poly-1

0.16 ± 0.02

0.36 ± 0.03

-2.79

Poly-2

0.20 ± 0.01

0.64 ±0.03

1.37, -2.79

Poly-3

0.32 ± 0.06

0.79 ± 0.03

-1.19

Poly-4

0.07 ± 0.01

0.82 ± 0.02

-2.08

Poly-5

0.12 ± 0.02

0.79 ± 0.04

-3.41

Poly-6

0.13 ± 0.05

0.89 ± 0.01

-3.41

Poly-7

0.08 ± 0.01

0.41 ± 0.07

-4.31

Poly-8

0.20

0.80

-

Polymer activity determined through leakage experiments, specifically EC 50 and
Ymax, are shown in Table 2, while sample leakage data is shown in Figure 20. The
norbornene polymers, Poly-4, Poly-5, Poly-6, and Poly-7 all show very similar EC50
values, between 0.07 and 0.13 μg/mL. The other norbornene polymer, the single armed
di-guanidine material Poly-8, had a slightly higher EC50, of about 0.20 μg/mL, indicating
the need for a slightly higher concentration to achieve full efficacy. Even so, all of these
molecules excluding Poly-7 had very high Ymax values, demonstrating disruption of
vesicles equal to about 80% of a high dose of the surfactant Triton X. Poly-7, with its
more hydrophilic imide-based backbone, demonstrated a Ymax of about half that. This is
supported by the literature, which indicates that low EC50 values, which are desirable, can
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be obtained with a high guanidine content, but that a high Ymax is generally only seen
when the polymer in question has some sort of hydrophobic moiety.[19,142] This would
indicate that the norbornene backbone in the high Ymax polymers described here seems to
be enough to induce this increase, whereas the imide backbone in Poly-7 is too
hydrophilic, and in turn a lower Ymax is observed. Values to estimate hydrophobicity,
logP, were calculated to further scrutinize these trends. The values were calculated from
the deprotected monomer structure using the software Molinspiration™. These values
trend nicely with the observed vesicle data, where the polymer with the lowest logP value
and thus highest hydrophilicity had the lowest Ymax.
Similar, hydrophobic-dependent trends were observed for the polymers
synthesized through RAFT. The more hydrophilic polymer from these samples, Poly-1,
showed a much lower EC50 than its styryl counterpart, Poly-3, at 0.16 ± 0.02 and 0.32 ±
0.06 μg/mL, respectively. However, both dye leakage curves follow roughly the same
curve of percent dye released; Poly-1 simply levels off earlier, before Poly-3, which
causes its concentration at which half of vesicles are lysed to be lower. Thus, the EC50
differences between these two polymers are not as meaningful, though Poly-3, with its
hydrophobic and aromatic styryl backbone, does have nearly double the Y max that Poly-1
does. If Poly-1 is chain extended with a hydrophobic methyl methacrylate block, as is the
case for Poly-2, a dye release curve with intermediate properties to Poly-1 and Poly-2 is
obtained. It can be seen from the dye release curve that all three polymers made through
RAFT follow roughly the same path up in percent dye released with respect to
concentration. Poly-2, in this case, levels off in between Poly-1 and Poly-3, thus yielding
it both an intermediate EC50 and Ymax. It seems from these data that the hydrophobic
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addition to a hydrophilic polymer like Poly-1 simply pushes the resultant material into a
more hydrophobic type CPPM. Values for logP were also calculated for the RAFT
polymers, again with the more hydrophilic polymers yielding lower EC 50 and Ymax
values. Even though Poly-1 behaves similarly to Poly-7 in this way, the monomer used to
make Poly-1 is over an order of magnitude more hydrophobic based on these logP
calculations. This would indicate that in fact it is more like the backbone chemistry that is
responsible for the variations in membrane activity, and not strictly the raw hydrophobic
value of the monomer.

2.5 siRNA Internalization by CPPMs
CPPMs were tested for their ability to internalize two distinct types of cargo:
siRNA and protein. As cargo type and composition change, CPPM-facilitated
internalization can vary greatly depending on how their interactions with the cargo are
altered.[14] Additionally, in a therapeutic environment, countless biomacromolecules are
present, and the delivery of a specific molecule is greatly complicated. Thus, by
screening our polymers against two types of cargo, we can begin to understand how to
tailor polymers towards the delivery of a specific cargo. In this section, the delivery of
siRNA, a short, anionic oligonucleotide, is described, as performed by Dr. Brittany
deRonde. siRNA is commonly used for the knockdown of genes in cells, which
suppresses the associated protein from being manufactured.[144] Poly-8 was omitted from
these experiments.
Internalization was quantified using a fluorescently tagged siRNA sequence. This
sequence was complexed with the given CPPM in media, and then introduced to Jukat T
cells. The cells were assessed four hours later by flow cytometry, after washing to
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remove surface-bound cargo and polymer (Figure 21). Both the percent of cells receiving
cargo as well as the mean fluorescence intensity of the cell population (indicating amount
of cargo delivered) was determined. These values were compared to an untreated cell
population, in order to present numbers relative to a negative control. Viability of each
population was also measured, where no significant drop in viability for any of the CPPM
systems was observed (Figure 22). All polymers tested showed some level of delivery,
manifesting in the histograms as a non-zero decay to the right of the blank. CPPMs Poly4, Poly-5, and Poly-6, as well as the methacrylate based Poly-1 showed low and
comparable delivery to one another. The minimal difference between Poly-5 and Poly-6
indicates that, within this specific monomer system, degree of polymerization and overall
charge content has little impact on internalization. Poly-7 showed a much broader
shoulder, indicating an increased degree of siRNA internalization. Poly-3, while
promoting the second highest uptake of siRNA, also demonstrated solubility constraints
as some of the polymer crashed out of solution upon addition to media. Because of the
already moderate internalization, improving the water solubility of analogous polymers
with a hydrophilic block may very well improve overall delivery.
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Figure 21. FITC-siRNA uptake in Jurkat T cells a) Representative FITC-siRNA
fluorescence histogram and b) percentage of FITC-siRNA positive cells after a 4 h
treatment with polymer/FITC-siRNA complexes in RPMI + 10% FBS using an N/P ratio
of 8/1, where the FITC-siRNA concentration was held constant at 50 nM and the cell
concentration was 4x105 cells/mL. Samples were analyzed using flow cytometry and
normalized to the blank. Data points represent the mean  SEM of at least three
independent experiments.
In stark contrast, Poly-2 was capable of delivering siRNA to the entire cell
population. This is notable, because Poly-2 contains the same guanidinium containing
monomer as Poly-1 in a near-identical amount, but shows substantially higher delivery.
These results clearly demonstrate that a segregated hydrophobic block improves delivery,
either by enhanced interactions with the siRNA, the cell membrane, or both. Moreover,
this result is in agreement with previous siRNA delivery optimization studies focusing on
ROMP backbones, implying that hydrophobic block incorporation improves siRNA
internalization universally.[17,28] However, excluding the hydrophobically segregated
sample, there seems to be very little dependence of siRNA internalization on backbone
chemistry.
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Figure 22. Jurkat T cell viability after 4h treatment with polymer/FITC-siRNA
complexes using 7-AAD and Annexin V. Cells were treated with polymer/siRNA
complexes (50nM FITC-siRNA; N/P ratio = 8/1) for 4 h in RPMI + 10% FBS at a cell
concentration of 4x105 cells/mL. An untreated sample was used for comparison.
Samples were analyzed using flow cytometry and all data points represent the mean 
SEM of at least three independent experiments.
The particularly high siRNA internalization observed for Poly-2 could be
attributed to a number of phenomena. First, the increased hydrophobic content as added
by the methyl methacrylate block was shown to enhance membrane interaction through
the biophysical vesicle studies described in the previous section. This is likely happening
regardless, though it may not be the main contributing factor for improved siRNA
internalization. Second, the methyl methacrylate block allows for enhanced interaction
with siRNA cargo. This is also possible, though siRNA does not have well defined
hydrophobic domains to interact with like proteins do, so this possibility is less likely.
Finally, the polymer is self-assembling in solution to minimize the water-hydrophobic
block interaction. Surely, with a methyl methacrylate chain of 2.2 kg/mol, there is some
degree of self-assembly occurring in this system. It has been shown in our group that
48

analogous ROMP-based block copolymers also self-assemble through Zetasizer
experiments.[28,31] Thus, it is assumed that this polymer assembles into a structure that is
better able to coordinate with siRNA, or at least more effective at spanning the cellular
membrane.

2.6 Protein Internalization by CPPMs
While efficient siRNA internalization was described by at least one polymer in
the previous section, how backbone relates to delivery is assumed to vary broadly across
cargo type. To this end, protein internalization into Jurkat T cells was also performed.
Proteins, in contrast to siRNA, are usually much larger macromolecules, and have no set
criteria for overall charge. Depending on the amino acid composition of the protein, it
could be positively or negatively charged, or even neutral at physiological pH.
Additionally, proteins contain a wide variety of both aromatic and relatively hydrophobic
residues, with some proteins containing a greater proportion. They also vary dramatically
in size, from oligopeptides under 1 kDa to the largest known protein Titin, roughly 3,900
kDa.[145,146] Because of this, polymer-protein interactions are incredibly complicated, and
vary dramatically on the protein in question.
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Figure 23. GFP uptake in Jurkat T cells a) Representative GFP fluorescence histogram
overlay and b) percentage of GFP positive cells after a 4 h treatment with polymer/GFP
complexes in RPMI + 10% FBS using an weight ratio of 20:1 polymer/protein, where the
protein mass was held constant at 3 µg and the cell concentration was 4x105 cells/mL.
Samples were analyzed using flow cytometry and normalized to the blank. Data points
represent the mean  SEM of at least three independent experiments.
Green fluorescent protein (GFP) was selected as the model protein delivery cargo,
as it is self-reporting. The protein has a molecular weight of 26.9 kDa, and is slightly
cationic under physiological conditions, with an isoelectric point reported to be 5.8.[147]
Cellular internalization facilitated by CPPMs was quantified using flow cytometry
(Figure 23), as performed by Ms. Coralie Backlund. It should be noted that a greater
amount of polymer is generally required to facilitate protein internalization, and thus a
higher mass ratio was used for protein experiments, which adversely affected viability
(Figure 24).[26] Similar to siRNA internalization, all polymers facilitated at least some
degree of GPF delivery. Poly-8 was omitted from these experiments. Poly-1 and Poly-4
through Poly-7 showed low amounts of protein internalized, which generally follows the
same trend for siRNA. Interestingly, Poly-5 demonstrated higher internalization than
Poly-6. These two CPPMs have the same core repeat unit chemistry, but are simply of
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different molecular weights. In this case, the lighter polymer Poly-5, about half the length
of Poly-6, delivered a greater amount of protein. Because a polymer to protein mass ratio
was used, the number of moles of Poly-5 introduced to the protein solution would have
been about double the number of moles of Poly-6. It is possible, thus, that more moles of
polymer are more efficient at protein delivery. This would indicate that shorter polymers
would be preferable for transfection agents, as to decrease the required mass for delivery.

Figure 24. Jurkat T cell viability after 4h treatment with polymer/GPF complexes
using 7-AAD and Annexin V. Cells were treated with polymer/GFP complexes (50nM
protein; polymer : protein mass ratio = 20/1) for 4 h in RPMI + 10% FBS at a cell
concentration of 4x105 cells/mL. An untreated sample was used for comparison.
Samples were analyzed using flow cytometry and all data points represent the mean 
SEM of at least three independent experiments.
Poly-2, which was capable of delivering siRNA to the entire cell population, was
unable to effectively internalize GPF. It would seem that the type of hydrophobicity
within this polymer, specifically the methyl methacrylate block, is not optimal for protein
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interaction. Rather, it has been shown that due to the large amount of aromatic residues
present in proteins, a complementary aromatic hydrophobic group is important for
interaction.[142] We have previously shown that indeed block copolymer CPPMs are
capable of efficient delivery when the hydrophobic block contains a benzyl
functionality.[31] Interestingly, Poly-3, containing a benzene ring in each repeat unit,
showed the highest degree of protein internalization, with roughly 45% of cells affected.
This result corroborates the need for a specific type of hydrophobicity when attempting
protein delivery, notably aromatic. Again, this CPPM suffers from solubility constraints,
where improving water solubility by copolymerization with a more hydrophilic monomer
would likely improve internalization. In contrast to siRNA internalization results,
backbone chemistry seems to play some role in protein delivery, though only through the
incorporation of an aromatic hydrophobic group. These findings also raise interest in a
polystyrene-block-poly(guanidinium methacrylate), to ultimately improve polymerprotein interactions.

2.7 Conclusions
To isolate backbone structure as a design parameter in CPPM synthesis, we
utilized both ROMP and RAFT to target a variety of polymer chemistries containing
guanidinium groups. Specifically, ROMP was used to synthesize norbornene and
oxanorbornene imide based CPPMs, while RAFT was employed to generated
methacrylate and styryl based CPPMs. These polymers were similar in that they
contained 20 charged guanidinium groups, making it easy to compare backbonedependent properties. RAFT polymers were run to ~50% conversion in order to mitigate
Ɖ broadening, while ROMP polymers were run to quantitative monomer conversion. The
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CPPMs were used to internalize two types of cargo, siRNA and protein, into Jurkat T
cells. Generally, all polymers were able to internalize some amount of both cargos, with
little backbone dependency. However, a block copolymer of methyl methacrylate and
guanidinium methacrylate was able to deliver siRNA to the entire cell population,
reinforcing a siRNA design parameter that hydrophobic segregation is critical for high
internalization. This polymer, however, was unable to internalize large amounts of GFP,
indicating that the type of hydrophobicity, not just the presence, is important for protein
delivery. Interestingly, the styrene derived CPPM was able to internalize protein to the
highest proportion of cells out of all polymers tested, in spite of solubility limitations
observed with this molecule. Thus, polymer backbone does impact protein
internalization, but only when comparing aromatic to nonaromatic polymers. With the
synthesis of these polymers, we also demonstrate the potential of RAFT-based CPPMs.
Due to the versatility and broad monomer selection afforded by RAFT, extension of this
polymerization can be easily employed to elucidate important CPPM design parameters
as well as generate new, more effective transfection reagents.

53

CHAPTER 3
THIOL ADDITION ACROSS NORBORNENE AS A ROUTE TO POLYMERPOLYMER CONJUGATION

3.1 Introduction
Block copolymers represent one of the most well-studied and important branches
of polymer science.[69,148] As discussed at length in Chapter 1, block copolymers
themselves are effectively two chemically distinct polymer chains covalently tethered at
the ends, creating two “blocks,” one for each different polymer composition.[67]
Generally, macromolecules are more reluctant to mix than small molecules, and the same
is true for the blocks in block copolymers. Thus, if mixing is energetically unfavorable,
as dictated by the polymers’ interactions with one another and the length of the chains,
the two blocks will phase separate.[69] However, because the blocks are covalently
attached, they cannot macrophase separate, and instead phase separate in small micro
domains determined largely by the polymer volumes fractions. This feature, known as
microphase separation, is largely what has brought so much attention to block
copolymers as a field. Through the incorporation and segregation of two polymer
chemistries, two distinct sets of properties can be achieved in a material. For example, a
stiff, high modulus polymer can very easily be coupled with a soft block, yielding a now
very tough material.[149] Alternatively, a polymer that allows selective permeation of
water can be introduced into the same high modulus polymer system above, generating a
rigid membrane potentially capable of purifying water or incorporation into a proton
exchange membrane.[150]
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A two-chemistry, two-block system is known as a diblock copolymer. This subset
of block copolymers are by far the most studied, as it is the simplest example of a
material capable of microphase separating.[151] However, there are many benefits to
including more polymer chemistries, resulting in a material such as a triblock terpolymer,
in order to add more function to the final material properties.[148] Alternatively, the
number of chemistries can be maintained at two, and the number of blocks can be
increased, yielding a multiblock copolymer (MBC).[74] MBCs have been studied for
decades now in the context of polyurethanes, but it is only relatively recently that this
architecture has begun to interest polymer scientists for its interesting slew of properties.
Notably, due to the difficulty associated with chains pulling through one another in order
to reach a thermodynamic morphology, MBCs are known to phase separate but in such a
way lacks the long range order associated with simpler block copolymer structures.[77]
Because of this, as well as the fact that a single MBC chain spans multiple domains
within a structure, MBC bulk samples have been shown to be tougher than analogous diand triblock samples.[79,80] Additionally, this particular kind of phase separation, one that
lacks long range order, has been shown to improve the percolation of the two distinct
phases.[79,152] Simply put, this is ideal for extending most properties from the polymer
chain scale to the bulk scale.
Even with their benefits, MBC synthesis is arduous. If generated through living
polymerization, there are numerous monomer addition steps involved, each taking
significant time to perform.[84] Each step also has the possibility of introducing either
oxygen or water, which are two common major detriments to living polymerization
techniques such as anionic or controlled radical polymerization. To circumvent such
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complicated syntheses, polymer-polymer conjugation can be employed to link premade
polymer chains together using telechelic handles. To achieve a more straightforward
synthesis, as well as incorporate more varied monomer structures, techniques have been
developed to synthesize MBCs with a polydisperse block number by connecting
telechelic macromonomers together using high yielding reactions. Reports include
urethane

formation,[80,82]

acid

chloride

condensation,[81]

chemistry,[85,86] and thiol-Michael addition.[153]

alkyne

azide

click

To this end, we have developed a

platform for polymer-polymer conjugation and MBC formation using the thiol-ene click
reaction that overcomes many of the shortcomings otherwise associated with this reaction
with respect to polymer-polymer conjugation. This chapter details our investigations,
successes, and failures of this strategy, and some brief characterization of the resulting
materials.

3.2 Efficient Polymer-Polymer Conjugation Using Thiol-ene Click
Historically, the thiol-ene reaction has been used for extremely high yielding and
efficient functionalization within the field of polymer science.[32,35,154] Network formation
has also been extremely popular, as the UV curing nature of the reaction allows for
spatial and temporal control of gelation.[39,43,154] For these reasons, and others relating to
the thiol-ene reaction as used in natural product synthesis, the reaction has often been
dubbed as a “click” reaction, or one that proceeds rapidly, selectively, with extremely few
byproducts, and under relatively mild and forgiving conditions. However, a recent report
shed light on why, perhaps, this reaction has seen almost no use in the field of polymerpolymer conjugation, an application that routinely utilizes “click” reactions because high
conversions are required.[87] It was shown that trying to simply conjugate a vinyl
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terminated poly(n-butyl acrylate) to either a tri- or tetra-thiol was completely ineffective,
and no shift by GPC was observed. This was attributed to the low concentration of
polymer endgroups and high concentration of abstractable backbone hydrogens. A
computational and experimental report demonstrated why side reactions dominate in low
endgroup concentration systems.[155] Taking advantage computationally derived ene
reaction rates, we targeted the most reactive ene, norbornene,[40] as a possible handle to
overcome this apparent side reaction issue.
To test whether or not norbornene is a viable candidate to facilitate polymerpolymer conjugation and MBC formation through thiol-ene, we began by synthesizing a
di-norbornene functionalized poly(ethylene oxide) (PEO) molecule. This was achieved
through the Mitsunobu coupling of norbornene carboxylic acid to each end of a dihydroxy PEO generated by living polymerization (Scheme 4). The polymer was then
reacted with stoichiometric amounts of a thiol-terminated polymer, either purchased or
synthesized. The three dithiol polymer chemistries selected were poly(methyl
methacrylate) (PMMA), poly(methyl acrylate) (PMA), and PEO. These structures were
selected because the terminal thiol chemistry varies depending on the polymer structure.
Specifically, the thiol endgroup of PMMA is a 3° thiol, whereas the PMA endgroup is a
2° thiol and the PEO endgroup is a 1° thiol. Testing conjugation efficiency with these
three polymers allowed us to determine how important thiol sterics are when attempting
to conjugate polymers. Thus, within the scope of the thiol-ene reaction, we can optimize
both ene quality, based on literature predictions,[33,40] and thiol quality, based on these
steric experiments, to yield the most efficient reaction by these means.
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The reagents used for this study were either purchased or synthesized. The thiolterminated PEO was purchased. The other two thiol-terminated molecules, however,
were synthesized through RAFT polymerization, using either a dithiobenzoate chain
transfer agent in the PMMA case or a trithiocarbonate chain transfer agent in the PMA
case. These polymers demonstrated very narrow dispersity values, and were of a
commensurate molecular weight compared to the purchased PEO (Scheme 4). The chain
transfer agent was then aminolyzed using n-butyl amine, which creates a dithiocarbamate
by product, and yields a thiol-terminated polymer of the corresponding steric
functionality. These polymers are capable of dimerizing through disulphide bonds, but
this phenomenon has not been known to affect radical initiated thiol-ene click chemistry.
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Scheme 4. Polymer synthesis for thiol sterics investigation.
GPC traces of the thiol polymers, PMMA-SH, PMA-SH, and PEO-SH show
small peaks at retention times equivalent to molecular weights double that of the
principle peak (Figure 25). Again, this is likely a product of the polymers dimerizing
through disulphide bond formation. Each thiol-terminated polymer was subjected to the
same thiol-ene conditions, wherein the polymer was dissolved in THF at 100 mg/mL,
PEO-dinorb was added such that the norbornenes and thiols were in stoichiometric
equivalence, and the solution was irradiated at 365 nm for 1 hour. Irgacure 2959, a
common photo-initiator, was used to facilitate the reaction.
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Figure 25. GPC traces of PMMA-PEO (top left), PMA-PEO (top right), and PEO-PEO
(bottom) thiol-ene conjugation reactions. Chromatograms were obtained using THF as
the eluent at a flow rate of 1 mL/minute.
As can be seen in Figure 25, the trials using thiols with higher functionality were
ineffective. There was no polymer-polymer conjugation observed, where the only new
peak in the conjugation attempt sample is the peak associated with unreacted PEOdinorb. In support of the lack of conjugation, 1H NMR showed residual norbornene
signals, i.e. peaks corresponding to norbornene protons at roughly 6.0 ppm remain. In
contrast, significant polymer conjugation through the thiol-norbornene addition was
observed when using the 1° thiol molecule, PEO-SH. This is evidenced by the new peak
arising at lower retention times in GPC (Figure 25), which corresponds to a resulting
higher molecular weight product. While this new, large peak is in the vicinity of the
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disulphide dimer peak, it is at a slightly lower retention time, indicating this is not related
to dimerization. It may seem as though this reaction is still not entirely effective by
qualitatively comparing the magnitude of main PEO-SH peak to the new conjugated
peak. However, this system has very limited endgroups, as the PEO-SH polymer is Mn =
10 kg/mol. Thus, increasing end group amount and consequently concentration should
improve the efficiency of this reaction. To this end, several di-functional systems were
tested, not just to demonstrate conjugation but multiblock copolymer generation as well.
To test the ability to synthesize MBCs, three different polymer chemistries were
di-functionalized with norbornene using the aforementioned Mitsunobu coupling
method.[52] Specifically, poly(styrene) (PS), poly(dimethyl siloxane) (PDMS), and PEO
were used, all of molecular weights around 4 kg/mol. While the norbornene
functionalized polymer samples represented the diene in these reactions, two different
dithiols were selected to facilitate conjugation.

Either a small molecule dithiol or a

telechelic macromolecular dithiol can be employed. By varying the thiol chemistry, we
describe a chemically simple, commercially accessible synthetic approach, capable of
yielding both random and alternating MBCs, as depicted in Figure 26. To access the
random architecture, the dinorbornene polymer chemistries described above were
coupled with a small molecule dithiol. Conversely, an alternating MBC architecture can
be generated by utilizing a macromolecular dithiol, wherein the chemistry of the dithiol
determines one block chemistry for the MBC. As mentioned before, norbornene was
specifically chosen because the ring strain caused by the bicyclic structure of norbornene
enables it to undergo thiol-ene reactions much more rapidly than all other enes studied to
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date.[33] It is subsequently predicted that norbornene generates the highest possible thiolene conversion, which likely results in fewer side reactions.

Figure 26. Cartoon describing the synthetic strategies to multiblock copolymers,
resulting in either a random block order (top two) or an alternating block order (bottom).
The MBCs described in this chapter are referred to by their block arrangements
(R for random or A for alternating) and by their number of different block chemistries (2
or 3). Both a random binary MBC (R2) containing PS and PEO, and a random ternary
MBC (R3) containing PS, PEO and PDMS, were achieved using this method (depicted
pictorially in Figure 26, chemically in Figure 27).

Synthesizing alternating MBCs

involved a similar procedure; however, instead of using a small molecule dithiol to join
the blocks together, commercially available ,-dithiol PEO was reacted with dinorbornene PS (1) to give A2. This platform clearly demonstrates a great deal of
synthetic versatility, in both its ability to generate multiple multiblock architectures, as
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well as providing access to complicated systems only achieved through polymer-polymer
conjugation.
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Figure 27. Synthesis of random (a, b) and alternating (c) multiblock copolymers using
the thiol-ene reaction.
MBC formation was initially assessed by GPC chromatograms (Figure 29), which
confirmed the presence of a higher molecular weight species and a sharp decline in the
relative amount of lower molecular weight macromonomers for each MBC. MALLS
GPC of R2 and R3 (Figure 30) also confirm the presence of high molecular weight
species. Interestingly, the MALLS data for R3 showed a much higher molecular weight
by scattering than was observed for R2, even though the RI signal was roughly uniform
for the two samples. This may indicate some degree of cyclization in the R3 sample.[156]
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Table 3. Physical Properties of MBCs Studied in this Chapter.
Sample Mn (g/mol)a
Ɖa
<n>b
ϕPSc
ϕPEOc
ϕPDMSc
29,700
1.7
3.7
0.52
0.48
N/A
R2
31,800
1.4
3.9
0.35
0.31
0.34
R3
29,300
1/6
4.5
0.61
0.39
N/A
A2
a
As calculated by THF GPC, using a flow rate of 1 mL/minute and toluene as the flow
rate marker. Values are relative to PS standards. bAverage number of blocks per MBC
chain. cAs determined by 1H NMR integration of relevant polymer peaks.

All three systems had Mn values close to 30 kg/mol, compared to the 5-9 kg/mol
of the macromonomers, shown in the lower panels (molecular weights are described in
detail in
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Table 3). Both random systems (R2 and R3 shown in Figure 3a) had an average
of four blocks (based on multiblock Mn), while the alternating copolymer (A2 in Figure
3b) had five. The apparent upper limit of average block numbers and molecular weights
could be a result of incomplete norbornene macromonomer functionalization.
Comparing the norbornene ene protons in

1

H NMR with the protons α to the

ester/unfunctionalized alcohol in the PS macromoner, 91% conversion was obtained.
Additionally, according to vendor specifications, only 1.9 chain ends were functionalized
per polymer. This led to a final end group functionalization of only 86%, which, in
accordance with the Carother’s equation, would limit molecular weight.

Assuming

quantitative coupling of norbornenes with thiols (Figure 28), the resulting number of
blocks per MBC would be seven. We observed MBCs containing five macromonomers
by GPC, which, using the Carother’s equation, corresponds to an extent of reaction of
80%. Assuming only 86% of chain ends are functionalized, this would give an adjusted
efficiency of 93%.

This calculated 93% yield would lead to MBCs of 14 blocks,

provided quantitative end functionalization of the starting macromonomers. Clearly,
thiol-ene is a highly efficient coupling reaction ideal for MBC synthesis, but requires
macromonomers with more complete functionalization of end groups.

Further

optimization of the reaction conditions should lead to even larger numbers of blocks.
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Figure 28. 1H NMR of MBC R2, demonstrating quantitative conversion of the otherwise
present norbornene ene peaks at 6.00 ppm.
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Figure 29. GPC chromatograms of the two random copolymer samples (a) and the
alternating copolymer sample (b), compared their corresponding macromonomers
(bottom of each figure). Significant chain elongation and increase in molecular weight
with reaction, as qualified by decrease in retention times, is observed for all three
samples. Chromatographs were obtained using THF as the eluent, at a flow rate of 1
mL/minute.
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Figure 30. MALLS GPC of the two random multiblock samples.
The low molecular weight polymer remaining in the two random MBCs is lower
than that of any macromonomers used in those reactions (Figure 29) suggesting it is
likely the cyclization product of a single macromonomer. Such cyclizations would
decrease the hydrodynamic radius and thus the observed molecular weight by GPC. [43,157]
Whether or not cyclization is present in the larger MBCs is still unknown and requires
further characterization. If, in fact, they are present, it would indicate that these samples
are actually larger than 5 blocks per chain, yielding an even high extent of reaction than
previously thought. While quantitative norbornene conversion is observed for these MBC
samples, it is important to keep in mind that at very low concentrations of ene, even
potentially norbornene, side reactions involving abstractable protons can occur, and thus
limit molecular weight.[155] Thus, even in the presence of quantitative conversion, which
for many step growth polymerizations might indicate numerous cycles, linear chains may
still represent the majority of sample composition.
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3.3 Initial Characterization of Multiblock Copolymer Samples
Thermal stability and microphase separation often determine the properties of
MBCs and their processability. To determine the thermostable window of these
polymers, thermal gravimetric analysis (TGA) was conducted, up to a ceiling temperature
of 500 °C. From these experiments, it could be seen that R2 and A2 demonstrated
stability at temperatures up to temperatures of 340 °C, similar to that of both PS and PEO
macromonomers (Figure 31). This indicates that the thioether functionality now present
and responsible for tethering the maromonomers together does not limit the overall MBC
thermal stability. This is critical, as processing any material with a substantial PS fraction
requires a relatively high temperature, certainly over the 100 °C Tg associated with the
polymer. Moreover, it demonstrates that this platform could be extended to materials with
even higher Tg values, or highly crystalline polymers that only melt at relatively high
temperatures. R3, interestingly, showed a small loss in mass percent, out to around
120 °C. Interestingly, materials containing PDMS are known to take up water, in spite of
the extreme hydrophobicity associated with this polymer.

68

Figure 31. TGA of the three MBCs examined in this chapter, obtained by heating at
20 °C/minute.
All multiblock samples analyzed here have at least two major polymeric
components. As has been discussed earlier, when different polymer chemistries exist in a
blocky architecture, the phenomenon of microphase separation can be observed, and
many times is desirable for the final properties of the material. A first pass test to
determine whether any of these materials contain phase separated domains is differential
scanning calorimetry (DSC), a technique that can identify Tg values. If a block polymer
sample displays multiple Tg values, particularly ones that correspond to their neat
polymer analogues, it can be inferred that the chemistries corresponding to those values
are phase separated.[158] Moreover, any deviation from ideal values is generally indicative
of slight phase enrichment by the other species present. For example, in R2, a decrease in
the PS Tg or an increase in the PEO Tg observed by DSC would indicate that either the PS
phase is enriched with PEO or that the PEO phase is enriched with PS, respectively.
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Thus, here we can use DSC to determine both whether or not a certain sample is phase
separated and how the two phases are enriched if phase separation is present.[159]
Table 4. Thermal Properties of MBCs and their Corresponding Macromonomers.
Sample
PDMS Tg
PEO Tg
PEO Tm
PS Tg
R2
--54 °C
41 °C
73 °C
R3
-141 °C
-64 °C
39 °C
86 °C
A2
--54 °C
26 °C
49 °C
M
-121 °C
-48 °C
58°C
98 °C
Thermal properties were obtained using a heating rate of 10 °C/min, and a cooling rate of
5°C/min. Reported Tg values were obtained from the final heating curve.
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Figure 32. DSC traces for each of the multiblock copolymers. Column 1 shows heat flow
vs temperatures, while the derivative of heat flow is shown in Column 2 for clarity.
Analysis by DSC of R2 and R3 yielded two and three different Tg values,
respectively, one for each block chemistries, as summarized in Table 4. This
demonstrated these MBCs were phase separated (Figure 32 for DSC curves), through the
arguments described above. If the blocks were significantly mixed, one intermediate Tg
between the Tg values of the macromonomers would have been observed. The absence of
such an intermediate Tg indicates that microphase separation is present within these
samples. Additionally, prominent endotherms were observed corresponding to the
crystalline domain of PEO melting. Such a large peak (60.21 J/g for R2, 44.82 J/g for R3)
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demonstrated that the crystalline PEO domains were not particularly perturbed by the
multiblock architecture when considering random samples.[160] While A2 behaved
similarly to the random MBCs in that it maintained two Tg values, the Tg of the PS was
lowered 20-30 °C further than that of the other two MBCs. Moreover, PEO crystallinity
was strongly disturbed, with an endotherm of 3.41 J/g in the A2 sample and the Tm was
lowered by 14 °C from the commonly observed 40 °C to 26 °C. These combined factors
suggest that while microphase separation was still present, more mixing occurred in A2
than in R2. The random MBC architecture would allow for multiple PEO
macromonomers to be chained together, potentially increasing the PEO domain size, and
consequently the degree of crystallinity and phase separation. Further corroborating
microphase separation, a broad peak was observed in the SAXS pattern of R2 with a q
value corresponding to a domain spacing of 24 nm (Figure 33). The breadth of the peak
and lack of higher order reflections support the presence of disordered microphase
separation in this MBC.[161] Due to the relatively large χ parameter (~0.1) for PS/PEO,
weak to moderate segregation (N = 10.5), was still easily achieved at the molecular
weights reported here.[162,163]
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Figure 33. Small angle x-ray scattering (SAXS) of MBC R2. The extremely broad, low q
peak is generally correlated with phase separation that lacks long range order. There is
also likely a contribution from the PEO crystallinity.
Disordered phase separation is also observed in phase AFM images of A2 (Figure
34). Sample preparation, annealing times and temperatures had strong effects on the
observed domain sizes, as expected. After annealing for one day at 150 °C, domain sizes
of 20-25 nm were observed, in contrast to the sample annealed for three days at 130 °C,
which formed larger domains (>70 nm). The 130 °C annealing temperature was chosen
because that temperature was more than 50 °C above the highest measured Tg. The longer
annealing time was likely the main contributing factor to the increase in domain size, as it
gave the multiblocks more time to rearrange and form longer range, potentially “lamellarlike” sheets. From a top-down view, these sheets, if lying flat, could look much larger
than the maximum domain size dictated by the end-to-end distance of the individual
blocks.
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b)

a)

200 nm
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Figure 34. Atomic force microscopy phase images of A2 after being annealed for one
day at 150 °C (a) and three days at 120 °C.
The disordered morphology observed by the SAXS and AFM has been observed
previously and is expected because reorganization of MBCs is more difficult than
traditional di- or triblock copolymers. Theory predicts MBCs face higher kinetic and
thermodynamic barriers to reorganization than their shorter analogues because MBCs
bridge several domains. This barrier increases with the number of blocks in the MBC.
These preliminary studies have not included optimization of annealing conditions.
However, there is growing interest in this disordered, bicontinuous-like morphology for
applications such as: fuel cells, batteries, bulk heterojunction solar cells, oxygen transport
materials, and selective removal of one phase to yield highly interconnected porous
membranes.

3.4 Conclusions
New synthetic strategies for polymer-polymer conjugation and efficient
multiblock copolymer synthesis have been described in this chapter. The use of the thiol-
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ene reaction, which has prior to this been unsuccessful at facilitating such reactions, was
employed with norbornene as the participating ene to effectively realize these objectives.
Additionally, the multiblock copolymers synthesized here are of interest, as they appear
phase separated by DSC, AFM, and SAXS, but do not seem to have any long range order.
This specific type of disordered phase separation is actually ideal for numerous
applications that require two bicontinuous phases to coexist and serve a particular
function within a given material, such as battery separators or membranes for selective
gas permeation. As such, the extension of this platform to materials with such
requirements is indeed promising, and should be fairly accessible considering the ease
with which hydroxy (to be converted to norbornene) and thiol terminated polymers can
be generated. Finally, we identify basic design parameters to consider when design a
thiol-ene based conjugation system, specifically regarding the thiol chemistry. It seems
that both 2° and 3° thiols have difficulty participating in the reaction at the end of
polymers, even when norbornene is the ene group. In contrast, primary thiols readily
participate and lead to both polymer-polymer conjugation as well as MBCs under the
right conditions.
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CHAPTER 4
MULTIBLOCK COPOLYMERS AS LITHIUM-POLYMER ELECTROLYTES

4.1 Introduction
Lithium metal batteries represent a promising and extremely high specific energy
density storage device. Significantly higher than lithium ion batteries, such a device has
been considered for electric vehicle propulsion and long term energy requirements for
space or deep sea travel. Through redox chemistry, a cell that uses lithium metal at the
anode is also potentially rechargeable, provided that many otherwise detrimental side
reactions and phenomenon are suppressed. However, issues such as dendrite growth,
extreme reactivity, and solvent flammability have prevented the widespread realization of
a rechargeable lithium metal battery. Namely, device failure through one of these
mechanisms often results in a catastrophic destruction of the device, and in more serious
cases can cause injury to nearby people. A system that allows the safe recharging of
lithium metal batteries would indeed improve our access to long term and high capacity
energy storage, and would itself further other technologies still in their infancy.
One strategy to improve lithium battery rechargability is the implementation of a
block copolymer electrolyte in lieu of a more traditional organic liquid.[88] Block
copolymer electrolytes used for lithium batteries commonly contain two block
chemistries with specific properties: one block capable of dissolving and shuttling lithium
ions through the material, and one block that is mechanically rigid, providing support as
well as inhibiting dendritic growth that would otherwise cause a short in the
system.[89,90,115–119] This approach also eliminates toxic and flammable organic solvents
commonly associated with traditional lithium batteries. Polystyrene-block-polyethylene
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oxide electrolytes, a particularly popular BCE system dubbed “SEO”, contains PEO for
lithium solvation and conduction, and PS for mechanical stability and resistance to
dendritic growth.[89,91,118,120] PEO is a particularly interesting polymer, capable of
coordinating lithium ions through the oxygen atoms in the polymer backbone.
Additionally, because of the low Tg of PEO, ions can be shuttled across a potential
through backbone relaxations.[164] While this has been shown countless times, polymer
induced ion conductivity is orders of magnitude slower than liquid organic conductivity,
and as such has never found solid purchase in the battery electrolyte industry. However,
as stated above, incorporating a rigid block potentially gives polymer scientists access to
safe rechargeable methods to lithium metal batteries.
Work on optimizing conduction efficiency indicates that smaller grain size, or
more poorly oriented lamellae, provide materials with conductivities five times greater
than their ordered counterparts.[90,92] Due to reports of MBCs displaying disordered phase
separation, SEO MBC materials could indeed be strong candidates for lithium ion
conduction. This chapter describes the design rationale, synthesis, characterization, and
phase analysis of multiblock copolymers for lithium-polymer electrolytes.[152]

4.2 Multiblock Copolymer Design and Synthesis
As stated in the introduction of this chapter, PS and PEO are very common
polymer chemistries employed in solid polymer electrolytes (SPEs). In Chapter 3, a
method for facile polymer-polymer conjugation and MBC formation was described.
Here, an MBC volume fraction and molecular weight series of PS and PEO is described,
both neat and with the addition of a lithium salt. Materials developed to explore this
hypothesis are depicted in Figure 35. Similar to the MBCs described in Chapter 3, the PS
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macromonomers here were also designed to have norbornene at the end groups,
incorporated through a Mitsunobu coupling. In this set of experiments, the PEO
macromonomer is dithiol functionalized, and creates exclusively alternating MBCs when
combined with the di-norbornene PS macromonomer. It can also be seen here that three
different molecular weights were selected for each macromonomer, specifically 1, 4, and
10 kg/mol, in order to test both molecular weight and volume fraction variations.
Samples are indexed by the molecular weight of their constituent macromonomers, with
the first value within the brackets corresponding to the PS block molecular weight and
the second value corresponding to the PEO block molecular weight, both in kg/mol. For
example, sample SEO[1-1] is the MBC with PEO 1 and PS 1 as its constituent
macromonomers. Samples that include the lithium salt LiTFSI are indicated by the suffix
-Li.
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Figure 35. Synthesis of SEO multiblock copolymer molecular weight series. The wavy
bond of PS indicates synthesis from a bifunctional initiator. The two numbers inside the
brackets correspond to the molecular weight, in kg/mol, of the corresponding PS and
PEO macromonomers, respectively.
The functionalization of each dihydroxy-PS macromonomer with two norbornene
units was assessed by 1H NMR. Macromonomers PS 1 and PS 4 demonstrated near
quantitative norbornene addition based on the ratio of aromatic pendant-group protons to
the double-bond protons of norbornene that appear at 6.0 ppm (Figure 36).[39,41] The
aromatic styryl peaks overlap with the solvent signal, but solvent contribution to the
overall peak integration was nearly negligible due to the concentration of the samples.
The norbornene double-bond peaks in macromonomer PS 10 were too dilute, due to the
increased molecular weight, to quantify the degree of norbornene functionalization, but
their presence and the macromonomers’ subsequent reactivity confirms at least partial
norbornene functionalization.
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Figure 36. 1H NMR of PS 1. HAromatic was calculated using the provided 1.3 kg/mol
molecular weight. The integration of HNorbornene indicates effectively quantitative
functionalization. 1H NMR spectra were recorded at 300 MHz using a Bruker DPX-300
NMR spectrometer. Chemical shifts (δ) are reported in ppm.
After exposure to UV light, all nine MBC thiol-ene click reactions became
significantly more viscous, indicating an increase in molecular weight and MBC
formation. Comparing GPC traces of crude MBC reactions with their corresponding
macromonomers revealed MBC peaks corresponding to molecular weights several times
those of their constituent macromonomers. A representative overlay can be found in
Figure 37. The MBC GPC traces were multimodal, indicating not only that several block
lengths of multiblocks existed, but often the unreacted macromonomer was also present.
The average number of blocks per MBC, ‹n›, and basic MBC molecular weight
properties are reported in Table 5. While some values of ‹n› seem small, it is important to
note that ‹n› is decreased by residual macromonomer or low block count MBCs since the
entire molecular weight range was integrated, but for many of the MBC samples, the
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principal peak by GPC has a much higher number of blocks than the overall trace. For
example, integrating the entire GPC trace for SEO[1-1] yields ‹n› = 6, but integrating the
principle peak alone yields an ‹n*› of 11. After precipitation and drying, the samples
appeared homogeneous and did not exhibit homopolymer-multiblock macrophase
separation, where homopolymer is unreacted macromonomer. Thus, after precipitation,
the samples were used and analyzed as is, since the approach here is to generate and
study easily synthesized materials.
Table 5. Molecular Weight Data for SEO Multiblock Copolymers
Sample
MBC Mna MBC Mpa
Ɖa
fPEOb <n>c <n*>d
SEO[1-1]
10.8
22.1
2.1
0.41
6
11
SEO[4-1]
22.7
45.9
2.1
0.16
6
12
SEO[10-1]
32.0
47.0
1.8
0.08
5
7
SEO[1-4]
10.3
19.7
2.0
0.70
3
7
SEO[4-4]
28.8
47.0
1.6
0.40
6
9
SEO[10-4]
37.9
58.2
1.7
0.22
5
7
SEO[1-10]
20.0
32.5
1.5
0.87
2
3
SEO[4-10]
31.8
49.2
1.3
0.66
3
4
SEO[10-10]
36.3
66.1
1.4
0.45
2
4
a
As determined by THF GPC, using a flow rate of 1 mL/min, toluene as
the flow rate marker, and PS standards. bVolume fraction of PEO without
salt, as calculated by polymer densities and starting masses of each
macromonomer. cAverage number of macromonomer blocks in each
MBC as calculated by GPC using Mn values. dAverage block number of
principle MBC peak, calculated using Mp values.
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Figure 37. Representative normalized GPC traces of SEO[1-1] (black line, post
precipitation) and its corresponding macromonomers PEO 1 (red line), and PS 1 (blue
line). Higher molecular weight peaks associated with PEO 1 are likely disulfide linkages.
Traces were obtained in THF at a flow rate of 1 mL/min and analyzed with respect to
polystyrene standards.
Generally, reactions that involved smaller molecular weight constituent
macromonomers yielded MBCs with a higher number of blocks than those that utilized
higher

molecular

weight

macromonomers.

Notably,

MBCs

that

contained

macromonomer PEO 10 were limited in their average number of blocks. This could be a
function of the decreased chain end concentration, which ultimately decreases the number
of collisions and thus extent of reaction observed with this macromonomer. However,
because a less significant drop in ‹n› was seen when using PS 10, it is possible that PEO
10 simply has a lower degree of thiol functionalization than its lower molecular weight
counterparts. Another possibility is that the molecular weight estimation of
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macromonomer PEO 10 was not correct, which would affect the stoichiometry of the
thiol-ene click reaction and ultimately suppress chain extension in this condensation
polymerization-style process. No effort was made here to improve the conversion of the
reactions involving PEO 10.
The dispersity of the resulting MBCs varied from 1.3 to 2.1, significantly higher
than their counterpart macromonomers, which were purchased commercially and made
via controlled polymerization processes. A broad MBC distribution is indicative of a
broad range of multiblock species within a single sample, a characteristic of step-growth
MBCs.

4.3 Thermal Properties and Crystallinity
Differential scanning calorimetry (DSC) was employed to observe Tg behavior, as
well as to determine the extent of PEO crystallinity within MBC samples in both the
presence and absence of salt (Table 6, Figure 38, Figure 39). Values in this table were
measured during a heat-cool-heat DSC procedure, where the values are from the final
heating curve. WAXS measurements were used to supplement crystallinity information
in samples without salt (Figure 38, Figure 40). SEO[1-1], SEO[4-1], and SEO[10-1],
containing macromonomer PEO 1, exhibited no melting endotherm by DSC and only
amorphous scattering by WAXS (Figure 40). This finding is unsurprising, as low
molecular weight PEO blocks in block copolymers, even at appreciable volume fractions,
have difficulty crystallizing. The salt free MBCs also displayed a faint Tg associated with
PEO near -35 ºC, an increased value that can be attributed to partial mixing with the PS
phase.[159] SEO[4-1] and SEO[10-1] also had PS Tg values at 58 and 83 ºC, respectively,
corresponding to the PS 4 and PS 10 macromonomers used. Both Tg depressions
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demonstrate partial mixing of PEO into the PS phase, a phenomenon that is more
pronounced in SEO[4-1] than SEO[10-1], due to the lower molecular weight PS
component and thus increased ease of mixing. SEO[1-1] did not have a detectable PS Tg,
though the DSC curve exhibited a permanent slope change near 0 ºC (Figure 39).
Table 6. Thermal Properties of MBCs with and without Salt.
Sample

Tg, PEO (°C)

Tg, PS (°C)

Tm (°C)

ΔH (J/g)

SEO[1-1]
SEO[4-1]
SEO[10-1]
SEO[1-4]
SEO[4-4]
SEO[10-4]
SEO[1-10]
SEO[4-10]
SEO[10-10]

N/A
N/A
N/A
-17.0
-46.5
-41.1
-60.2
-41.9
-34.2

N/A
58.4
82.6
N/A
N/A
65.4
N/A
N/A
83.7

N/A
N/A
N/A
42.0
40.7
N/A
54.9
53.6
49.6

N/A
N/A
N/A
83.1
5.9
N/A
109.8
72.4
52.7
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Tg, PEO (Li)
(°C)
-24.1
N/A
N/A
-38.9
-56.2
-43.2
-41.6
-41.9
-43.2

Tg, PS (Li)
(°C)
N/A
79.7
85.7
N/A
80.5
98.1
N/A
89.6
95.8

Figure 38. DSC of (a) SEO[1-4] (green line), SEO[4-4] (red line), and SEO[10-4] (blue
line) and (b) WAXS patterns of SEO[1-4] (green line), SEO[4-4] (red line), and
SEO[10-4] (blue line). (c) DSC of SEO[1-10] (black line) and SEO[1-10]-Li (dashed
line).
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Figure 39. DSC traces of (a) samples containing PEO 1 and (b) samples containing PEO
10.

Figure 40. WAXS patterns of (a) samples containing PEO 1 and (b) samples containing
PEO 10.
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MBCs using the intermediate molecular weight macromonomer PEO 4, SEO[14], SEO[4-4], and SEO[10-4], demonstrated a much wider variety of thermal and
crystalline properties, displayed in Figure 38. SEO[1-4] was found to be highly
crystalline with a sharp melting endotherm at 46 ºC and sharp, well pronounced peaks via
WAXS corresponding to the PEO crystal lattice. Additionally, due to the small size of the
PS component, strong mixing into the PEO phase was also observed in the form of an
increased PEO Tg at -16 ºC. PEO crystallinity was significantly suppressed in SEO[4-4],
with the melting endotherm decreasing from 82.0 J/g for SEO[1-4] to 6.4 J/g, while the
WAXS pattern was dominated by amorphous scattering, with only slight peaks indicating
minor crystallinity. The melting temperature was also slightly decreased to 41 ºC. Based
on the crystallinity of SEO[1-4], it is clear that MBCs containing PEO 4 are capable of
crystallizing, and that the sharp melting endotherm decrease in SEO[4-4] can be
explained by increasing PS content to the point where PEO chains can no longer
rearrange to crystallize. This effect was further amplified in the case of SEO[10-4],
which used the highest PS molecular weight macromonomer and was completely void of
crystallinity, both via DSC and WAXS. More subtle mixing of PS into the PEO phase
was also observed with SEO[4-4] and SEO[10-4], which have PEO Tg values of around 37 ºC.
The PEO 10 series, SEO[1-10], SEO[4-10], and SEO[10-10], all had melting
endotherms, as well as prominent scattering peaks in their WAXS patterns (Figure 39,
Figure 40). The melting endotherms observed in DSC decreased as PS content increased,
from 119.2 J/g for SEO[1-10], to 78.2 J/g for SEO[4-10], and finally 53.3 J/g for
SEO[10-10]. This can be explained by the increase in PS per mass with these samples,
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and thus the ratio of available crystalline polymer was decreased. Percent crystallinity is
plotted as a function of volume fraction in the supporting information to support this
argument (Figure 41). WAXS patterns followed a similar trend, where while PEO
crystallinity seemed to decrease as PS volume fraction increased, amorphous scattering
from PS also began to contribute more and covered shorter peaks closer to the baseline.

Figure 41. Percent crystallinity of PEO block as a function of volume fraction. Literature
values for a perfect PEO crystal were set to 100% crystalline.[165]
The addition of LiTFSI, with an r ratio of 0.1, eradicated crystallinity in all nine
MBCs as measured by DSC (SEO[1-10] in Figure 38, remaining in Figure 39). This is a
common observation as LiTFSI is known to readily dissolve in PEO, leading to the
disruption of the EO crystal lattice.[88] An increase in the PS Tg was also observed for
SEO[4-1] and SEO[10-1] upon salt addition, by 21 and 3 ºC, respectively. These
increases are indicative of de-mixing between the PEO-Li and PS phases. This can be

88

explained by the increase in the χ value achieved upon dissolving ions in the EO phase.
This proved useful, as it allowed us to study SEO MBCs with and without crystals at
room temperature and varying χ parameters.

4.4 Morphological Characterization
Phase separation and morphology was assessed by SAXS for all MBCs, both with
and without salt. MBCs without salt and a majority PEO composition (SEO[1-4],
SEO[1-10], SEO[4-10], and SEO[10-10]) displayed patterns consistent with crystalline
lamellae, though the resulting peaks were noticeably broader than those observed for neat
PEO. Mixing of PS in amorphous PEO may be a contributor to this peak broadening.
Heating these samples above their melting temperature (80 °C) eradicated scattering
peaks for SEO[1-4], SEO[1-10], and SEO[4-10], demonstrating that phase separation
within these three samples is driven exclusively by crystallinity at room temperature.
MBCs synthesized with macromonomer PEO 10 (SEO[1-10], SEO[4-10], and SEO[1010]) are displayed in Figure 42, both at room temperature and 80 ºC. SEO[10-10]
retained its principle peak at 80 °C, likely due to the symmetric nature of this multiblock,
as well as its higher N compared to the other MBCs. The domain spacing observed for
SEO[10-10] at 80 °C was similar to that obtained at room temperature, indicating that
while crystallinity exists at room temperature, these crystals likely exist within a
morphology dictated by phase separation achieved during annealing. This conclusion is
supported by a room temperature transmission electron micrograph of SEO[10-10]
(Figure 43), which shows poorly ordered lamellae domains of a similar length scale (20
nm) as obtained by SAXS at both temperatures.

89

Figure 42. SAXS patterns of SEO[10-10] (top), SEO[4-10] (middle), and SEO[1-10]
(bottom) at room temperature (blue) and 80 ºC (red). Data is shifted for clarity.

Figure 43. Transmission electron micrograph of SEO[10-10] at 250k magnification.
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The addition of LiTFSI salt to the MBCs dramatically changed the scattering
patterns of all nine MBCs (Figure 44). As discussed earlier, the addition of LiTFSI at r =
0.1 is sufficient to eliminate room temperature crystallinity from all MBC samples, and
thus scattering associated with PEO crystallinity. Additionally, the solvation of LiTFSI in
PEO increases the χ value, leading to a new PS-PEOsalt interaction parameter, χeff. Due to
the increased interaction parameter, SEO[1-1]-Li, SEO[4-1]-Li, and SEO[10-1]-Li
developed patterns with broad peaks that shifted to lower q values as the styrene block
length increased. These samples are particularly notable as they displayed no scattering in
their no-salt state. Two other samples, SEO[1-4]-Li and SEO[1-10]-Li, also displayed
disordered scattering, a sharp contrast from SEO[1-4] and SEO[1-10], which were
completely dominated by crystallinity at room temperature and displayed no phase
separation at 80 °C.
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Figure 44. SAXS data of all nine SEO MBCs both without (left) and with (right) the
addition of the LiTFSI salt. All data was acquired at room temperature. Curves are shifted
for clarity.
Samples SEO[10-4]-Li and SEO[4-10]-Li, with more intermediate volume
fractions compared to samples displaying disordered scattering, had SAXS patterns with
two peaks, q* and 2q*. Due to the lack of higher order peaks, however, we refrain from
making any exact morphological assignment, though both samples are in the volume
fraction region common for cylinders or lamellae. Regardless, the broad nature of the
peaks indicates poorly aligned or poorly ordered phases. SEO[10-10]-Li was more easily
interpreted, with clearer peaks developing at q* and 3q*, a common pattern seen in
symmetric lamellar samples. The width of the peaks in SEO[10-10]-Li contrasts with the
broad peaks in SEO[10-4]-Li and SEO[4-10]-Li, demonstrating a relatively more
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ordered morphology, with grains of about 300 nm as determined by the Scherrer
equation.[92,166]

4.5 Fitting of Disordered Scattering
Recently, Teran et al. reported a rigorous study of SEO block copolymer
electrolyte thermodynamics.[121] A molecular weight series of nearly symmetric SEO
block copolymers, between 3 and 15 kg/mol, were analyzed at varying salt concentrations
and temperatures, using the random phase approximation (RPA) fit on disordered
scattering to determine the effective Flory-Huggins parameter, χeff, for a given set of
conditions.[122] The dependence of χeff for PS and PEO containing LiTFSI (PEO-Li) as a
function of the degree of polymerization N, temperature T, and r (defined as [Li]/[EO]),
was determined, and the following equation was reported:[121]
Equation 1
𝜒𝑒𝑓𝑓 = 𝐴(𝑇) +

𝐵(𝑇) 𝐶(𝑇)
−𝐷(𝑇)𝑟
+
[1 − exp (
)]
𝑁
𝑁
𝑁

where A(T), B(T), C(T), and D(T) are temperature dependent relationships.
We applied this model to our samples, recognizing that it was created using
samples near symmetric volume fractions, and may not hold for highly asymmetric
samples. Also, here we look at MBC samples instead of diblock copolymers, further
complicating this approximation. We also used the RPA fit for diblock copolymers to
estimate an experimental, qualitative χRPA value for salt containing samples that display
disordered scattering, and compared the two results.
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Figure 45. A representative RPA fit added to the low q correction factor, shown in red,
plotted alongside its corresponding experimental data. The results shown here are for
sample SEO[10-1]-Li.
Table 7. χ Values and Rg Calculated for Disordered Scattering Samples.
MBC
Rg (nm)
χeff
χRPA
% Difference
3.8
0.11
0.48
+330%
SEO[10-1]-Li
2.6
0.19
0.29
+57%
SEO[4-1]-Li
1.8
0.30
0.27
-12%
SEO[1-1]-Li
3.8
0.14
0.21
+52%
SEO[1-4]-Li
7.1
0.072
0.33
+360%
SEO[1-10]-Li
a
Volume fraction of PEO swollen with LiTFSI salt.

N
120
61
34
89
240

fPEOa
0.11
0.24
0.51
0.78
0.91

Samples that displayed disordered scattering with salt, SEO[1-1]-Li, SEO[4-1]Li, SEO[1-4]-Li, SEO[10-1]-Li, and SEO[1-10]-Li, were fit using the random phase
approximation, elucidating values of χ (noted as χRPA) and Rg. Due to the presence of
many different species of block lengths, all samples were approximated as diblock
copolymers with N values corresponding to the sum of repeat units for the corresponding
macromonomer pairs. For example, the N value used for SEO[1-1] is the sum of N for
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PEO 1 and PS 1. Thus, χRPA and Rg should be regarded as qualitative. A representative fit
is displayed in Figure 45 for SEO[10-1]-Li. The resulting χRPA from our samples values
were compared to those calculated using Equation 1, χeff. A summary of χ values and
their percent differences as well as Rg values determined by the RPA fit are shown in
Table 7. Values of Rg seemed to scale strongly with the degree of polymerization of the
diblock unit, with the lowest Rg seen for SEO[1-1]-Li and the largest for SEO[1-10]-Li.
When comparing values of χ, significant discrepancies were observed in samples as they
deviated from symmetric volume fractions. As previously mentioned, Balsara and
coworkers developed Equation 1 from SEO diblocks at or near symmetric volume
fractions; consequently a deviation is not surprising. However, χRPA seemed to deviate
from χeff similarly when moving to the left or right of fPEO = 0.5 (where fPEO is volume
fraction of PEO swollen with salt for all samples with the –Li suffix). For example, when
fPEO = 0.24 and 0.78 (samples SEO[4-1] and SEO[1-4], respectively) there is a roughly
55% increase for χRPA compared to χeff. Likewise, when fPEO = 0.11 and 0.91 (samples
SEO[10-1] and SEO[1-10], respectively) an increase of nearly 350% for both samples
was observed for χRPA. Due to the apparent symmetric dependence of χRPA on fPEO, a
straightforward volume fraction dependent correction to the Balsara χ prediction equation
can be made, such that the equation remains unchanged at fPEO = 0.5, but increases
appropriately at asymmetric volume fractions. Unfortunately, as only one salt
concentration was assessed (r = 0.1), this modification is likely only valid at this salt
ratio. The percent increase in χ can be fit to the form of:
Equation 2
2

% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 𝛼𝑒 𝛽(𝑓𝑃𝐸𝑂 −𝛾) + 𝜀
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By multiplying the original χeff equation by the expression above, our MBC
thermodynamic data is corrected. Constants α, β, γ, and ε can be found in Chapter 8.
A possible explanation of this large increase in χRPA at asymmetric volume
fractions may have to do with the inability of PS to mix and disturb the lithium bound
PEO structure. Thus, even at very low volume fractions, phase separation without long
range order persists. In fact, the (χN)RPA for SEO[10-1]-Li and SEO[1-10]-Li is 79 and
57, respectively, suggesting both samples fit in the sphere morphology regime for both
the mean-field diblock phase diagram as well as Matsen’s MBC phase diagram
prediction.[77] Therefore, it may be that perhaps these samples thermodynamically prefer
the sphere state, but remain disordered due to the kinetic trapping of the multiblock
architecture. It is also worth noting that the norbornene linker was omitted while fitting,
which could have an effect on the resulting values. However, based on the molar mass
and stoichiometry of the norbornene units, the contribution of these linkers to the overall
MBC should be minimal.

4.6 Electrochemical Impedance Spectroscopy
Samples with LiTFSI were tested for lithium ion conductivity using
electrochemical impedance spectroscopy (EIS). Triplicate data of conductivity is shown
at 80 °C, as well as three representative Arrhenius plots of ion conductivity (Figure 46).
In general, samples with lower volume fractions of PEO had low conductivity, with the
exception of SEO[4-1]-Li, which displayed moderate conductivity even compared to
some samples with higher PEO volume fractions. As determined by SAXS, SEO[4-1]
should be in the disordered state, which, compared to a morphology in which PEO would
not percolate, would have substantially higher conductivity.[93,120] A threshold volume
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fraction seems to exist near fPEO = 0.5, below which samples show effectively no
conductivity, and above which samples conduct similarly. This is noteworthy, as
SEO[10-10]-Li contained a substantial amount of PS (fPS = 0.44) but had a conductivity
comparable to if not higher than SEO[4-10]-Li and SEO[1-10]-Li. We believe that the
MBC architecture increases the number of grain boundaries, or at least makes phases
with conductive paths in numerous orientations, as seen in the electron micrograph of
SEO[10-10]. As Balsara and coworkers have recently shown, increasing the number of
defects increases overall ion conductivity.[90]

Figure 46. (a) Representative EIS data for highly conductive (SEO[10-10]-Li, squares),
moderately conducting (SEO[4-1]-Li, triangles), and poorly conducting (SEO[10-4]-Li,
circles) samples. (b) Triplicate data for conductivity at 80 ºC. Samples are color-coded
based on PEO macromonomer, PEO 1 (purple), PEO 2 (blue), PEO 3 (red). PEO
volume fraction (fPEO) represent PEO volume fraction swollen with salt.
4.7 Conclusions
A molecular weight series of PS-PEO MBCs was synthesized using the thiolnorbornene

reaction,

by

combining

telechelic

di-thiol

and

di-norbornene

macromonomers. The resulting materials were studied neat by WAXS, DSC, SAXS, and
TEM. Crystallinity within samples trended with increasing PEO content, and induced
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phase separation as determined by SAXS. Disordered microphase separation was seen in
SEO[10-10] via TEM, and a SAXS peak persisted even at higher temperatures, above the
melting point of PEO. The observed phase separation for SEO[10-10] is likely formed
during annealing and thus not an artifact of crystallinity.
LiTFSI was dissolved ([Li]/[EO] = 0.1) in the MBCs to analyze their properties as
block copolymer electrolytes, as well as assess them for lithium ion conduction. All
samples demonstrated some degree of phase separation at room temperature, no longer
driven by crystallinity, as determined by SAXS and DSC. Four of the nine samples had
broad, higher ordered peaks via SAXS, indicating that indeed a specific morphology was
present, but that microphase ordering was not consistent. The other five samples had
disordered scattering peaks, which were analyzed using the RPA fit. The resulting χ
values were compared to a recent prediction specific for symmetric SEO diblock
copolymers. A good fit was found for a sample with fPEO near 0.5. Asymmetric samples
deviated greatly from the prediction, with significantly larger χ values that seemed to
diverge symmetrically on either side of fPEO = 0.5; a modification to the reported equation
was introduced that corrected χ with respect to volume fraction.
Salty samples were also assessed for lithium ion conductivity using EIS. Samples
with fPEO at or above 0.5 demonstrated high and nearly uniform lithium ion conductivity,
whereas samples below had little to no conductivity. An exception was SEO[4-1]-Li,
which, regardless of its low fPEO (0.24), demonstrated moderate conductivity. The ease of
synthesis of these samples, their encouraging conductivities, and their interesting
properties observed here by SAXS, TEM, and RPA fitting, underscore the importance of
continued research into multiblock copolymers, both fundamental and applied.
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CHAPTER 5
POLY(ETHER-THIOETHERS) BY THIOL-ENE STEP GROWTH
POLYMERIZATION AS SOLID POLYMER ELECTROLYTES

5.1 Introduction
Solid polymer electrolytes (SPEs), as discussed in the previous chapter, are
materials capable of dissolving and facilitating the movement of ions.[88,89] SPEs have
been especially well studied as separators for lithium ion batteries, due to their low
toxicity, low flammability, and lack of volatile solvents. Polyethylene oxide (PEO) in
particular is known among SPEs to conduct lithium ions well, and has been extensively
studied as a linear homopolymer, as well as in a wealth of architectures including block
copolymers, dendrimers, graft copolymers, multiblock copolymers, and star polymers.[90–
96]

Several systems utilizing short oligo-ethylene oxide side chains from methacrylate,

PDMS, phosphazine, and norbornene based monomers have also been developed.[96–99]
However, PEO-based materials fall short compared to their liquid electrolyte
counterparts, with ion conductivities several orders of magnitude too low for many
commercial applications.
Efforts to develop new, better conducting SPEs, not reliant on alkylene oxide
backbones, are usually hampered by high glass transition temperatures that come with the
polar functional groups required to coordinate lithium ions.[89] Regardless, several elegant
platforms have been developed that rival PEO conductivity, mostly focusing on
polycarbonate and polyester backbones.[101–106] DeSimone and coworkers also developed
and tested a series of carbonate end-capped perfluoropolyethers.[107] These polymers
displayed extremely low Tg values (~ -100 °C), as well as transference numbers
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approaching 1, due to the strong polymer-TFSI anion interaction. Surprisingly, polymeric
thioethers (alkylene sulfides) have received almost no attention for ion transport systems.
In 1986, Clancy et al. described the synthesis of a series of polyalkylene sulfides through
a

dibromo-

dimercapto-alkane

condensation

reaction

and

subsequent

Ag+

conductivity.[108] Comparable conductivities were found when compared to other Ag+PEO systems. With respect to Li+, Johansson showed that from a computational
standpoint, polythioethers may in fact demonstrate improved conductivity over PEO due
to the large atomic size of sulfur and lower binding strength to lithium ions.[109] However,
it was cautioned that due to the lower binding strength, lithium ion solubility in
polythioethers may be limited. Therefore, generating polymers with the appropriate
balance to solubilize lithium salts yet provide enough ion mobility from thioether
functional groups is expected to be nontrivial. In this context, it should be noted that
small molecule sulfones and sulfoxides have attracted attention as potential alternatives
to traditional carbonate solvents for lithium ion batteries, due to their high conductivities
and electrochemical stability.[110,111] The high polarity of these functional groups tends to
lead to higher Tg materials, which has likely limited the number of reports in the literature
discussing sulfoxide and sulfone containing SPEs. In one rare example, Allcock and
coworkers reported high Tg polyphosphazines containing sulfoxides and sulfones that
were relatively poor lithium ion conductors without the addition of an ionic liquid.[112]
Here, we present the design, synthesis, physical properties, and lithium ion conductivities
for a series of mixed heteroatom poly(ether-thioethers) (PETE). We also investigate low
Tg sulfone and sulfoxide containing polymers derived from a single PETE and the
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electrolyte behavior of the resulting polymers. Also of note, we utilize the thiol-ene
reaction to generate these functional, redox sensitive polymers.

5.2 Polymer Design and Synthesis
As stated briefly in the introduction of this chapter, the thiol-ene step-growth
polymerization was implemented here in order to generate polymers with both ether and
thioether functionalities. This strategy allowed us to probe both the effect of heteroatom
chemistry and ratio, as well as the oxidation state of the sulfur-centered functional group
on thermal properties and ionic conductivity. It should be noted that the strengths,
weaknesses, and versatility of this specific polymerization method are discussed at length
in Chapter 6, specifically with the idea of incorporating a wide variety of polymer
functional groups.
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Figure 47. Synthetic approach of polymers 1-8, as well as PETE-1 and its oxidized
products, PESO-1 and PES-1. Polymers are grouped by their isolated variable: (A) for
the carbon spacer between thioether units, (B) for the ratio of ethers to thioethers, and (C)
for the polarity of sulfur centered group. n indicates degree of polymerization, and varies
between samples.
Two distinct series of PETEs were synthesized to establish structure-property
relationships relating to polymer thermal properties and lithium ion mobility. Series (A),
polymers 1-4 (see Figure 47), was designed to examine the influence of carbon spacer
length between thioether units, while the carbon spacer between ether functional groups
was maintained at four methylene units. Series (B), polymers 5-8, maintained carbon
spacer lengths between both heteroatoms at two methylene units, but varied the thioether
and ether ratio and ordering along the polymer backbone. Another sample, PETE-1, was
made with the intention of comparing thioether, sulfoxide, and sulfone functional groups.
This polymer was specifically designed to irregularly space out backbone sulfur atoms
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with ethylene oxide units, in the hopes of mitigating potential ionic cross-linking in
electrolyte samples and to prevent the polymer from crystallizing.[112]
Table 8. Physical Properties of Polymers 1-8.
Sample

a

Mn (kg/mol)

a

b

c

c

c

Tg (°C)
Tm (°C)
Ɖ
N
ΔH (J/g)
7.2
1.6
61
-61.8
*
*
1
8.8
2.0
67
-76.8
30.7
67.8
2
11.2
2.1
77
31.7
69.3
3
13.2
1.8
82
39.2
86.3
4
11.2
1.7
89
-58.7
*
*
5
11.7
1.7
75
70.0
61.1
6
10.1
1.7
69
-59.6
7
9.0
1.6
55
-50.1
56.8
83.0
8
a
b
As determined by GPC using THF as the eluent against PS standards. Calculated by
averaged monomer weights. cAs measured by DSC, heating at 10 °C/min.

Figure 48. GPC traces of 1-8 with THF as the eluent at a rate of 1 mL/min. Traces shown
reflect dried samples.
THF GPC data for polymers 1-8 (Table 8) indicated polymers were successfully
formed, with degrees of polymerization ranging from 55 to 90 after precipitation and
drying (traces in Figure 48). Obtaining high molecular weight polymers by this method
(>20 kg/mol) appears challenging, likely limited in part by intramolecular cyclization.
Observed Ɖ values varied from 1.6-2.1, with no particular dependence on degree of
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polymerization. Due to the step growth nature of the thiol-ene condensation
polymerization, dispersities of 2 were expected.[65] These numbers are likely lower due to
low molecular weight species being fractionated out during precipitation, resulting in a
narrowing of the dispersity on the low molecular weight end. This is demonstrated by
comparing crude and precipitated GPC traces (Figure 49). It is also apparent from this
GPC trace that additional chain elongation occurs during drying, as all dried samples shift
to lower retention times. This can be attributed to the increase in polymer end group
concentration in the neat state, which can lead to further reaction. However, after drying a
sample at higher temperatures a second time, no significant increase in molecular weight
was observed, indicating long term stability (Figure 49). While disulphide linkages are
possible, GPC data of 2 both with and without reducing agent DTT (Figure 49)
demonstrates no difference in molecular weight between the two, indicating that
disulphide bonds are likely not contributing to this molecular weight increase. After
precipitation, 1H NMR confirmed pure polymer samples with peaks corresponding to
protons adjacent to ethers and thioethers, with vinyl ether peaks remaining in some
samples. Samples also displayed large ether stretches by FTIR, though no attempt to
identify the thioether stretch was made due to its low intensity and location in the
fingerprint region of the spectra.
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Figure 49. a) GPC traces of polymer 2 before (black) and after (red) drying for 18 hours
at 80 °C. b) GPC traces of sample 2 after already being dried (black) and being heated an
additional day (red). c) GPC traces of sample two without (black) and with (red) the
addition of a small amount of reducing agent DTT.
The selective oxidation of PETE-1 to PESO-1 was assessed by FTIR, NMR, and
GPC. After stirring overnight in an aqueous H2O2 solution, a new stretch by FTIR
appeared at 1030 cm-1, corresponding to the sulfoxide stretching frequency (Figure 50).
1

H NMR confirmed quantitative sulfoxide formation, where peaks corresponding to

protons adjacent to thioethers (2.78 ppm) vanished, being replaced with a new downfield
peak (3.27 ppm) corresponding to protons alpha to a sulfoxide (Figure 51). Overoxidation to the sulfone did not appear to occur under these conditions, as no
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characteristic sulfone peaks were present in FTIR (~1300 cm-1) or NMR (~3.35 ppm).
The oxidation of PETE-1 to PES-1 was characterized similarly. After purifying from the
THF/mCPBA solution, the sulfone stretching frequency appeared by FTIR, observed as
three peaks from 1250-1380 cm-1 (Figure 50). 1H NMR also showed a complete
disappearance of thioether peaks and the presence of new peaks corresponding to protons
adjacent to a sulfone (Figure 51). This two-step oxidation also appeared quantitative, as
no indication of sulfoxide, either by FTIR or 1H NMR, was present.

Figure 50. a) Confirmation of the sulfoxide and sulfone functional groups by FTIR. b)
GPC traces of PETE-1 and its oxidized products, PESO-1 and PES-1. No major peak
shift is detected.
PETE-1, PESO-1, and PES-1 were analyzed by DMF GPC, because the oxidized
products were insoluble in THF (Figure 50). No peak shift or shape change was observed,
indicating the polymer backbone integrity was maintained, and that no major chain
scission/fusion events occurred. It is worth noting that both PESO-1 and PES-1 are water
soluble polymers, whereas their precursor molecule PETE-1 is not soluble.
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Figure 51. 1H NMR (CDCl3, 500 MHz) of PETE-1 (top, black), PESO-1 (middle, red),
and PES-1 (bottom, blue). The shift of HB to higher ppm, as well as a change in HA and
HC demonstrates quantitative, selective oxidation to both polymers.
5.3 FTIR of PETEs with Increasing Salt Loading
When a lithium salt is dissolved into a polymer, the functional groups responsible
for solvation undergo a minor change in their vibrational spring constants, which can be
detected by FTIR. Thus, FTIR was also used to determine the coordination behavior of
salt doped samples, at salt loadings of r = 0.05, 0.1, and 0.2. If salt is dissolving in the
polymer and the ether oxygen is contributing to that solvation, a new stretch at a slightly
lower wavenumber (~1080 cm-1) should be seen in addition to the standard ether stretch
around 1100 cm-1.[167,168] Samples 1-3 show a slight peak shift at loadings of r = 0.05, and
0.1, and a more prominent hump at lower wavenumber at r = 0.2. Sample 4, however, has
no observable peak change as salt loading is increased (Figure 52). Due to the more
hydrophobic nature of the carbon spacer in 4, it seems likely that the salt is not able to
fully dissolve in this polymer at room temperature. In contrast, peak broadening at lower
salt loadings and a clear new stretch around 1080 cm-1 at r = 0.2 was seen for 5 and 6.
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Samples 7 and 8 also demonstrated broadening at 1100 cm-1, though no new distinct
peaks were observed (Figure 53). This data indicates improved salt solubility in samples
with smaller carbon spacers.

Figure 52. FTIR or 1-4 neat (black) and at salt loadings of r = 0.05 (red), r = 0.1 (blue),
and r = 0.2 (magenta). Peaks at 1055 and 1130 cm-1 correspond to LiTFSI salt.
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Figure 53. FTIR or 5-8 neat (black) and at salt loadings of r = 0.05 (red), r = 0.1 (blue),
and r = 0.2 (magenta). Peaks at 1055 and 1130 cm-1 correspond to LiTFSI salt.
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Figure 54. FTIR of PETE-1, PESO-1, and PES-1 neat (black) and at salt loadings of r =
0.05 (red), r = 0.1 (blue), and r = 0.2 (magenta).
PETE-1, PESO-1, and PES-1 were also analyzed by FTIR at a variety of salt
loadings (Figure 54). All three samples showed a similar trend with respect to the ether
stretch, as seen by a peak broadening at lower salt loadings and the development of the
new peak at lower wavenumber at r = 0.2. A small shift in the sulfoxide stretching
frequency was seen upon the addition of salt, though at higher salt loadings, the
prominent LiTFSI peak obscures this shift. Regardless, it seems apparent that the
sulfoxide functional groups are indeed interacting with the lithium salt due to the change
in frequency even at lower salt loadings. In the case of PES-1, the three peaks
corresponding to the sulfone have varying behavior. The center peak shows no shift as
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salt is added, but the stretches at slightly higher and lower wavenumbers both shift to
slightly higher and lower values, respectively. At the highest salt loadings, both of these
peaks begin to mix with signals from the LiTFSI salt. Based on these peak shifts, it
appears that the sulfone group is also interacting with the lithium salt at all salt loadings.

5.4 Thermal Transitions and Stability
A key feature of a highly, or even moderately conducting SPE is a low glass
transition temperature, which in turn facilitates ion mobility through polymer backbone
relaxations. Moreover, the operating temperature of a cell may be relatively high, and
thus thermal stability of a sample is also critical to ensure it is effective. All samples were
characterized for thermal stability by thermogravimetric analysis (Figure 55). Polymers
1-4 were thermally stable, generally up to about 250 °C, with 2% mass loss occurring
between 237 and 264 °C. Samples 3 and 4 left incrementally more residual mass,
possibly due to the larger carbon spacer length. Polymers 6-8 demonstrated similar
thermal stability, with 2% mass loss occurring between 228 and 238 °C. Sample 5,
however, experienced 2% mass loss at 173 °C, with more gradual mass loss until around
300 °C, after which the sample rapidly decomposed. This is likely not due to residual
monomer, as all samples were precipitated and thoroughly dried under vacuum. PETE-1
followed a very similar decomposition route as polymers 1-8, experiencing 2% mass loss
at 286 °C (Figure 56). PESO-1 and PES-1 both seem to be hygroscopic, as both show
mass loss near the boiling point of water, representing between 4-6% of the total sample
mass. After accounting for water mass, 2% mass loss for PESO-1 and PES-1 occurs at
215 and 294 °C, respectively. Regardless of water content, PESO-1 seems significantly
less thermally stable than its counterparts.
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Figure 55. TGA of a) 1-4 and b) 5-8. Samples were heated on platinum pans at a rate of
10 °C/minute.

Figure 56. a) TGA of PETE-1 and its oxidized products, PESO-1 and PES-1 and b)
shifted DSC of the three neat samples, with Tg values indicated by arrows.
Samples were also analyzed by DSC to determine crystallinity and T g (Table 8,
Table 9). DSC traces can be found in Figure 57, Figure 58, Figure 59, Figure 60, Figure
61, and Figure 62. As discussed earlier, a low Tg, corresponding to a higher rate of chain
relaxations, leads to higher ion mobility and ultimately higher conductivity.[89,99] Samples
1 and 2 each displayed a prominent Tg when probed from -120 to 120 °C. Samples 1-4 all
crystallized, with 1 experiencing two distinct melting points. As the carbon spacer length
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increased within samples 2-4, the melting temperature and endotherm increased,
indicating more stable crystal formation. Polymer 2 also had a very large cold
crystallization during heating at about 25 °C higher than its Tg. Doping these samples
with a salt loading of r = 0.1 significantly changed thermal behavior. For 2, all
crystallization was suppressed and the Tg was slightly elevated, in a similar fashion to
PEO (Figure 57). Samples 1, 3, and 4 retained crystallinity, though the magnitude of the
melting endotherm was decreased, as was the melting temperature. Polymer 4, the sample
that did not demonstrate lithium ion coordination by FTIR, had the smallest change in
endotherm magnitude and melting temperature, providing further evidence for a lack of
lithium coordination.

Figure 57. DSC of polymer 2 both with (top, red) and without (bottom, black) salt. Salt
both increases Tg and suppresses crystallinity in this sample.
Samples 5, 7, and 8 displayed prominent Tg values, between -50 and -60 °C,
while 6 had no observed Tg. These values are similar to PEO, a feature arising possibly
due to their similar backbone structure. Samples 5, 6, and 8 were all semi-crystalline; 5 in
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particular demonstrated two distinct cold crystallizations and melting temperatures, a fact
that was confirmed by heating the sample both at a rate of 1 and 10 °C/min. The addition
of salt to these samples eliminated crystallinity and slightly elevated Tg in a manner again
similar to PEO. These findings indicate that crystallinity in 5, 6, and 8 is driven by
heteroatom interactions that can be disrupted by the addition of salt. Conversely,
crystallinity in polymers 1-4 is more dependent on carbon chain alignment, which is
unperturbed by salt. The lack of crystallization in 7 is likely due to the high ratio of
backbone ethers to thioethers, arranged in such a way that prohibits packing.
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Figure 58. DSC of polymers 1, 3, and 4 neat (black) and with a salt loading of r = 0.1
(red). Samples were heated at a rate of 10 °C/minute in aluminum hermetic pans. The
image below a) is present to highlight the faint Tg in sample 1.
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Figure 59. DSC of 5-8 both neat (black) and at a salt loading of r = 0.1. Samples were
heated at a rate of 10 °C/minute in aluminum hermetic pans. The image below d) is
present to highlight the faint Tg in sample 8.
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Figure 60. DSC of samples a) 2 and b) 7 at salt loadings of r = 0.005 (black) and r = 0.2
(red). Samples were heated at a rate of 10 °C/minute in aluminum hermetic pans.

Figure 61. DSC of a) PETE-1, b) PESO-1, and c) PES-1 at salt loadings of r = 0.05, 0.1,
and 0.2. Samples were heated at a rate of 10 °C/minute in aluminum hermetic pans.
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Figure 62. DSC of 5 at a heating rate of 10 °C/minute (black) and 1 °C/minute (red).
Samples were heated at a rate of 10 °C/minute in aluminum hermetic pans.

Figure 63. First heating curve of 8, demonstrating that even though the polymer is
amorphous during its final heating cycle, crystallization occurs, although slowly.
DSC traces of PETE-1, PESO-1, and PES-1, are shown in Figure 61 with
tabulated Tg values shown in Table 9. As the oxidation state, and therefore polarity, of the
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sulfur centered functional group increased, so did the Tg. This is unsurprising, as the
increase in polarity allows for stronger dipole-dipole interactions, which would in turn
increase the Tg. The low Tg values of PESO-1 and PES-1 are likely due to the irregular
spacing along the backbone, alternating between two and four ethylene oxide unit
spacers. No crystallinity was observed for these three samples. The addition of salt to
these polymers increased Tg, generally increasing in magnitude with higher salt loadings.
While it is difficult to decouple the contributions of low Tg values and more polar
functional groups to conductivity, PES-1 and PESO-1 have very similar Tg values at the
salt loading r = 0.2 and a direct comparison of conductivity values will thus be made in
the next section. While observing nonlinear increases in T g versus salt loading for PEObased SPEs is not entirely uncommon,[169] we believe there may be two separate
coordination events at different salt concentrations occurring (Li-SO/SO2, and Li-O) that
cause this particular nonlinear relationship. Overall, the low Tg values of these tailored
materials and their lack of crystallinity, either neat or with salt, are encouraging
properties of SPE candidates.
Table 9. Tg Values as a Function of Salt Loading.

Sample
PETE-1
PESO-1
PES-1

Neat
-63.6
-35.5
-26.2

Tg, with indicated salt loading (°C)
r = 0.05
r = 0.1
-45.9
-52.5
-30.2
-19.2
-7.1
-22.5

r = 0.2
-33.9
-21.1
-20.8

5.5 Lithium Ion Mobility of PETEs
To assess lithium ion conductivity, polymers were characterized by EIS. The
effect on conductivity of carbon spacer length between thioether units, of the ratio and
sequence of thioether and ether units, and of the oxidation state of sulfur in the backbone
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was evaluated. As sulfur atoms are significantly larger than oxygen atoms, a larger
carbon spacer may promote coordination and mobility, even though the spacer adds
hydrophobicity.[109] Lithium conductivity of 1-4 at a salt loading of r = 0.1 is shown in
Figure 64, and at salt loadings of r = 0.05 and 0.2 in Figure 65. All polymers within this
series conducted similarly, with 2 and 3 demonstrating nearly identical temperature
dependence. While these samples had the highest conductivity values of the series, 1 was
nearly as high, indicating that adding up to six methylene spacers had very little impact
on lithium ion mobility. In contrast, 4 had the lowest conductivity of the series,
demonstrating that increasing the carbon spacer length does eventually hinder
conductivity. Low conductivity for 4 is not entirely surprising, as both FTIR and DSC
data revealed weak ether-lithium interactions and an inability to disrupt crystallinity,
respectively. Thus, the long spacer length may be detrimental due to a lower
concentration of coordinating atoms and the increase in crystallization. Interestingly, both
1 and 4 show a drop off in conductivity at low temperatures, consistent with crystallinity.
Both of these materials retain some crystallinity with salt, as shown in Figure 58.
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Figure 64. Temperature dependent conductivity by EIS of a) samples 1-4 (squares) and
b) samples 5-8 (circles).

Figure 65. Conductivity measurements by EIS of polymers 1-3 and 5-8 at salt loadings
of r = 0.05 (left) and 0.2 (right). Polymer 4 was omitted due to apparent salt solubility
problems.
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Polymers 5-8 demonstrated similar conductivities when compared to 1-4. Samples
in this low carbon spacer length series also generally conducted very similarly, with
polymers containing only two thioethers per repeat unit performing the best. This does
not necessarily indicate that ethers are more critical than thioethers for high conductivity,
as 5, with a higher S to O ratio, outperformed 7. A sharp decrease in conductivity for
sample 8, demonstrative of crystallization, was also observed. This crystallization is not
apparent in the final heating cycle of DSC, but can be seen during the first heating cycle
(Figure 63). The slight improvement in conductivity in the series 5-8 over 1-4 is likely
due to the four carbon spacer present between ether units in 1-4. Alkylene oxide materials
show a strong conductivity dependence on carbon spacer between ethers, where polymers
with two methylene units (PEO) performing better than materials deviating from
that.[170,171] While there is no polymer in this report that is a direct comparison between
the two polymer series, based on the similar conductivity curves for 1-4 it appears that
carbon spacer length between ethers is more relevant to conductivity than spacer lengths
between thioethers. It also seems that for samples 1-8, there is a dependence of
conductivity on salt loading, specifically higher salt loadings yield improved
conductivities. This is not entirely consistent with PEO based SPEs, where the optimal
salt loading has been found to be r = 0.085, and might suggest subtle differences in
conductivity mechanisms.[172] However, these findings are supported by the thermal
characterization at all salt loadings for samples 2 and 7 (Figure 60). The lowest Tg
observed for these samples with salt was at the highest salt loading (r = 0.2), which
should lead to the highest conductivity.
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Figure 66. Lithium ion conductivity by EIS at a salt loading of r = 0.1 for PETE-1,
PESO-1, and PES-1.

Figure 67. Conductivity measurements by EIS of PETE-1, PESO-1, and PES-1 at salt
loadings of r = 0.05 (left) and 0.2 (right).
PETE-1, PESO-1, and PES-1 were also characterized by EIS to determine
lithium conductivity as the oxidation and polarity of the sulfur atoms along the polymer
backbone increased. As mentioned earlier, these three polymers have irregular repeat
units, with the sulfur functional groups separated by two and four ethylene oxide units to
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inhibit crystallization and decrease Tg in the hopes of improving ion mobility. The
increase in polarity should strengthen the polymer-lithium interaction, mimicking the
stronger interactions associated with solvents found in liquid battery electrolytes.[164]
Temperature dependent conductivity at a salt loading of r = 0.1 for these three polymers
is shown in Figure 66, and at salt loadings of r = 0.05 and 0.2 in Figure 67. PETE-1
conducts similarly to sample 5, if not better and begins to approach PEO levels of
conductivity at a salt loading of r = 0.05.[172] This may indicate that decreasing the
relative number of thioethers to ethers, thus making the polymer more like PEO,
improves conductivity. Furthermore, PETE-1 is completely amorphous at r = 0.05,
unlike PEO, indicating that PETE-1 has a very broad temperature window for effective
conductivities. Additionally, this finding suggests that the sequence of the thioethers and
ethers is inconsequential. The two step oxidation to PES-1 yields a polymer with lower
conductivity by roughly an order of magnitude. Interestingly, the single oxidation to
PESO-1, with a lower dipole moment than PES-1, yields the lowest conductivity of the
series. It should be noted that, though PESO-1 has high water content by TGA, the
samples were thoroughly dried for four hours under vacuum at 120 °C, and water is not
expected to be present during EIS measurements. The more highly oxidized samples
(PESO-1, PES-1) demonstrate higher conductivities at higher salt loadings. This may be
due to a salt titration effect, wherein at low salt loadings, lithium is strongly bound to
highly polar groups, but at higher loadings where there are no free polar groups, lithium
becomes more mobile. These three samples were also assessed for electrochemical
stability by linear scanning voltammetry (Figure 68). Generally, samples were stable,
though PETE-1 demonstrated a small transition at -0.4 V.
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Figure 68. a) Oxidation and b) reduction sweep of samples PETE-1, PESO-1, and PES1.
There are two competing factors that dictate ion mobility for polymers PETE-1,
PESO-1, and PES-1: chain mobility and polymer polarity.[89] At a salt loading of r = 0.1,
conductivity seems to trace roughly with inverted Tg, where samples with lower Tg values
demonstrate higher conductivities. This is well understood for polyalkylene oxides,
where an increase in Tg corresponds to a decrease in chain relaxations and ion mobility.
Here, chain mobility is likely a factor, and is unfortunately intimately connected to the
parameter being probed: polymer polarity. At a salt loading of r = 0.2, PESO-1 and PES1 have nearly identical Tg values, but PES-1 conducts roughly three times as well (Figure
S22). Because of the similarity in Tg, backbone polarity is isolated as a variable, which
demonstrates here that sulfones are more advantageous for lithium ion mobility. By
further optimization through this platform, it may be possible to obtain sulfone containing
or highly polar materials with even lower Tg values and higher lithium ion conductivity.
The process of ionic conductivity can be modeled by two different equations. If
an Arrhenius relationship is employed, an ion hopping mechanism is generally assumed,
and conductivity at temperatures well above the glass transition temperature is modeled
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fairly well.[173,174] From this fitting, an activation energy, as well as a theoretical
maximum conductivity at infinite temperature can be determined, by fitting empirical
data to this equation (Equation 3).
Equation 3
𝜎 = 𝜎0 exp(−

𝐸𝐴
)
𝑘𝑇

Here, σ is conductivity, σ0 is conductivity at infinite temperature, EA is the
Arrhenius activation energy, T is the absolute temperature, and k is Boltzmann’s constant.
However, this relationship does not model conductivity at lower temperatures particularly
well, as it assumes an ion-hopping mechanism. In order to obtain a more complete
understanding of temperature dependent ionic conductivity, a modified Vogel-TammannFulcher (VTF) equation can be used, though this is historically used to approximate
polymer viscosity as a function of both absolute and glass transition temperature
(Equation 4).[175–177]
Equation 4
𝜎 = 𝜎0 exp(−

𝐵
)
𝑘(𝑇 − 𝑇0 )

In this relationship, all similarly noted parameters are the same as in Equation 3,
where B is now the VTF activation energy, and T0 is the Vogel temperature (generally
𝑇0 = 𝑇𝑔 − 50𝐾). With this approach, viscosity is translated to conductivity, as it is the
driving parameter in backbone-relaxation facilitated ion mobility. Again, empirical data
can be fit to this relationship, determining both activation energy B and theoretical
maximum conductivity σ0; however, another parameter, the Vogel temperature, T0, is
used to perform this fit. This value is generally a temperature 30-50 K below the Tg,
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wherein the polymer melt is assumed to have no free volume. It should be noted that for
the fits performed and discussed here, 𝑇0 = 𝑇𝑔 − 30𝐾 is used. Both of these equations
were applied to the oxidized series, PETE-1, PESO-1, and PES-1, to more fully
understand how conductivity is affected by increasingly polar functional groups. By
elucidating the above parameters, it may become clear that in fact a higher polarity is
beneficial, though with it a low Tg must be maintained.
For these fitting experiments, the salt loading that yielded the highest conductivity
for each sample was used, and thus salt loading is variable when comparing these values.
As σ0 is a parameter of great interest, looking at samples under their highest conducting
conditions should yield the highest σ0. Both Arrhenius and VTF fits can be found in
Figure 69.

Figure 69. PETE-1 (r = 0.05), PESO-1 (r = 0.2), and PES-1 (r = 0.2) plotted alongside
their corresponding VTF (left) and Arrhenius (right) fits.
Just by regarding the quality of the two fits qualitatively, it is obvious that the
VTF fit is a much better approximation for this series of polymers, particularly at
temperatures closer to the glass transition. This is not especially surprising, as the VTF
equation takes into account the glass transition, and how viscosity, or in this case
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conductivity, is affected when temperatures in that regime are probed. Clearly, if ionhopping is occurring, as is assumed using the Arrhenius fits, it is only at higher
temperatures. In fact, it seems that due to the quality of the VTF fit, the likely mechanism
of ion movement is through backbone relaxation. While this is expected, it is interesting
to find that this is maintained regardless of high polarity group incorporation in the
polymer backbone.
Table 10. Calculated Fit Values for Oxidized Series of Polymers.
VTF Fits
Arrhenius Fits
Sample
σ0 (S/cm)
B (J)
σ0 (S/cm)
EA (J)
0.028
1.16E-20
3.3E1
6.15E-20
PETE-1
0.053
1.57E-20
8.9E5
1.25E-19
PESO-1
0.015
1.08E-20
2.4E2
7.70E-20
PES-1
Comparing EA, B, and σ0 values across samples also reveals some counterintuitive
findings (Table 10). The values within each fit trend similarly within the system: the
highest σ0 is that of PESO-1 for both systems, though it also has the highest activation
energy when analyzed with both fits. While this sample has the lowest experimental
conductivity within the range probed, it can be seen fairly clearly that its slope is much
higher than the other two, so this result is not unrealistic. The other two samples, PETE-1
and PES-1, have the second and third highest σ0, respectively, again across both fits.
However, the activation energies seem to be much closer across the fits, if not within
error. Interestingly, the VTF fit yields values, both for σ0 as well as for activation energy,
that are several orders of magnitude lower than that of the Arrhenius fit. Regardless,
seeing as VTF provides a fit with significantly less error, these values, on the order of
tens of mS for σ0, are very encouraging. However, these values would only be achieved at
extremely high, if not destructive temperatures, and thus it is clear that materials
optimization is still required.
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5.6 PS-PETE Block Polymers
As is mentioned in Chapter 4, an effective battery separator needs to be both
capable of conducting ions as wells as mechanically robust. This is because when a
lithium metal battery is discharged and then recharged, the lithium metal that ultimately
plates the anode can deposit in an uneven way, and eventually form crystallites, known in
this context as dendrites, that span the electrolyte to the cathode and cause a short.[114] All
of the materials discussed thus far in this chapter have been optimized for low Tg in order
to maximize the ionic conductivity; however, in doing so the resulting SPEs are
essentially liquids at room temperature, and thus lack the mechanical integrity to resist
dendrite growth in a recharge lithium cell. To address this problem, inspiration from
Chapter 4 is applied, and PETE-PS block polymers are synthesized by conducting the
same radical reaction to generate a poly(ether-thioether) but now in the presence of a dinorbornene polystyrene macromonomer. This macromonomer is able to participate in the
reaction as well, and by simply keeping the total number of enes equal to the total
number of thiols, a biphasic system that is both mechanically strong and conducting
should be achievable. This system also focuses on the incorporation of PETE-1, as
opposed to any of the other previously synthesized poly(ether-thioethers) or their
oxidized analogues, as it demonstrated the highest conductivity of all of them. It should
be noted that both vinyl ethers and norbornenes react very rapidly under radicalfacilitated thiol-ene conditions. While norbornenes may react faster, the final polymer
structure is still anticipated to incorporate both polymer chemistries. The general
synthetic approach to this block polymers is shown in Scheme 5. By varying the ene ratio
of PS norbornenes and vinyl ethers, the volume fraction of the two chemistries in the
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resulting material can also controlled. Finally, two separate di-norbornene PS
macromonomer sizes were used: 1 and 5 kg/mol. The 1 kg/mol sample is anticipated to
phase separate less strongly, as the N value is quite low, compared to the 5 kg/mol
sample. Samples are named based on their PS macromonomer, either 1K or 5K at the
start of the name, and the volume fraction of PETE after.

Scheme 5. Synthetic approach to PETE-PS block polymers.
Polymerizations proceed to high conversions and resulting in significant chain
elongation. As can be seen in Figure 70, all block polymers synthesized using the PS-1k
demonstrate a significant increase in molecular weight by GPC, which interestingly
tracks with increasing PS volume fraction (Table 11). Samples are at least five times
larger than the PS 1k macromonomer. Moreover, the observed volume fraction, as
calculated by 1H NMR through comparing the PS and PETE peak integration, is slightly
lower in all cases, particularly at attempted higher PETE volume fractions. These two
observations are likely linked, and it is hypothesized that there is significant PETE that
homopolymerizes and is not incorporated into the final structure, possibly because it is
cyclized. Low molecular PETE is capable of dissolving in methanol, which is the
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precipitation solvent used here, and thus it would not be observed by NMR afterwards.
The block polymers synthesized with the 5k PS macromonomer all showed very similar
final molecular weights, regardless of attempted volume fraction of PETE. These samples
were observed to be roughly three times heavier than the PS precursor, demonstrating
significant incorporation.

Figure 70. THF GPC traces of PETE-PS block polymers synthesized with PS-1k (left)
and PS-5k (right).
Table 11. Molecular Weight Properties of the PETE-PS Block Polymers.
Sample
Mna (kg/mol) Mpa (kg/mol) Target ϕPETEb Observed ϕPETEc
1K-PETE0.28
10.9
24.7
0.30
0.28
1K-PETE0.39
8.0
16.6
0.45
0.39
1K-PETE0.43
5.4
7.2
0.60
0.43
5K-PETE0.25
14.8
23.1
0.30
0.25
5K-PETE0.35
16.0
23.1
0.45
0.35
5K-PETE0.45
16.7
22.9
0.60
0.45
a
As determined by GPC using THF as the eluent at a flow rate of 1 mL/minute,
toluene as the flow rate marker, and PS standards. bAs calculated by experimental
conditions and stoichiometry. cAs determined by 1H NMR integration.

To assess phase separation, samples were investigated both thermally, using DSC,
and with SAXS to determine ordering patterns. As the ultimate goal is to study these
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materials as electrolytes, all of these experiments were performed both with and without
the common lithium salt LiTFSI at a salt loading of r = 0.1. Just qualitatively, interesting
phenomena were observed upon the addition of this salt. For example, sample 1KPETE0.43 was an extremely sticky liquid before the addition of salt, though after salt was
added, the material became very stiff, with similar physical properties to that of neat
polystyrene. This leads us to the hypothesis that without salt, this sample is phase-mixed,
and thus has a Tg below room temperature which causes it to be a viscous liquid. The
addition of salt increased the effective χ parameter between the two polymer chemistries,
causing them to phase separate, leading to a rigid high Tg PS homo-domain. This is
corroborated by SAXS data of this sample, both with and without salt, in which no
scattering is observed in the no-salt sample, but a peak appears after salt is added (on the
order of 8 nm) (Figure 71). The 5K samples show some slight, broad scattering before the
addition of salt, but after, the peaks are much higher intensity and sharper as well. Again,
here it seems as though salt is either inducing phase separation or exacerbating it.
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Figure 71. DSC (left) and SAXS (right) data of 1K-PETE0.43 both with and without salt.

Figure 72. DSC (left) and SAXS (right) data of 5K-PETE0.25 both with and without salt.
DSC presents an unfortunately murky analysis. Regardless of heating rates, many
of these samples displayed shaky baselines that were consistent across trials. Simply
looking at the 1K-PETE0.43 sample, in Figure 71, demonstrates that, without salt, no
clear Tg is observed. With the addition of salt, both expected Tg values become more
prominent, that is to say PETE Tg at roughly -55 °C and the PS Tg at roughly 65 °C. The
PS value is particularly low here because of the low macromonomer molecular weight.
While not all samples even demonstrate multiple Tg values with the addition of salt, an
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ideal case of what would be expected is shown in Figure 72 for sample 5K-PETE0.25.
Here, without the addition of salt, a PS rich mixed phase is inferred from a slightly
depressed PS Tg. When salt is added, two clear Tg values become apparent,
corresponding to the different independent polymer chemistries. Clearly, the addition of
salt has a similar impact in PETE-PS system as it does in the more well-studied PS-PEO
system.

Figure 73. EIS (left) and DMA (right) of salt loaded (r = 0.1, LiTFSI) of samples 1KPETE0.43 and 1K-PETE0.39.
The final desired properties, specifically conductivity and mechanical strength,
were also analyzed by EIS and dynamic mechanical analysis (DMA) respectively. One
sample, 1K-PETE0.43, is singled out here and analyzed closely, due to replicates being
acquired and the sample being successfully analyzed through DMA. Both EIS and DMA
data for this sample, as well as DMA for 1K-PETE0.39, is presented in Figure 73. EIS
data for this sample is extremely encouraging. High conductivity, especially for a
biphasic system, is observed. In fact, comparing conductivity values of PETE neat and in
this biphasic system reveal that the only drop in conductivity is that associated with the
decrease in conducting block volume fraction.[90,178] Thus, it seems that using this
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polymerization platform, an effective bicontinuous system is achieved, at least with
respect to the conducting phase. DMA also shows rigid materials at room temperature,
showing that the PS phase is indeed percolating as well, and allowing for mechanical
reinforcement. Unfortunately, due to the very short PS chain molecular weight in these
samples (1 kg/mol), the Tg is extremely depressed, and the structural integrity of the
sample is not maintained at higher temperatures. Regardless, this is an extremely
promising finding, and the issue of low rigid block Tg can easily be resolved in the future
by using a higher molecular weight macromonomer.

5.7 Conclusions
Poly(ether-thioethers) were synthesized using a step-growth thiol-ene click
mediated polymerization. Two series of PETEs, one varying methylene units between
thioethers and one varying the ratio of ethers to thioethers, were synthesized and
characterized neat and as lithium-polymer electrolytes. Polymers with methylene spacers
of two, four, and six all conducted similarly, while the sample with eight methylene units
had lower ion mobility. All samples in this series were crystalline and showed decreased
crystallinity upon the addition of salt. Varying the ratio of ethers to thioethers had a more
subtle effect, though samples in this series, all with short two methylene carbon spacers
between heteroatoms, conducted lithium slightly better than the previous series.
Another polymer, PETE-1, was synthesized to have long, irregular spacings
between thioether units. This sample was selectively oxidized to a sulfoxide, PESO-1,
and a sulfone, PES-1. The increase in polarity of these polymers also resulted in an
increase in Tg, with PETE-1 at -64 °C, PESO-1 at -36 °C, and PES-1 at -26 °C. PETE-1
demonstrated higher lithium ion mobility at all salt loadings probed (r = 0.05, 0.1, 0.2),
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and was comparable to PEO, likely due to its low Tg. At a salt loading of 0.2, however,
PESO-1 and PES-1 demonstrated similar Tg values, while PES-1 maintained a higher
conductivity than PESO-1. This finding demonstrates both the importance of highly
polar functional groups capable of coordinating and shuttling lithium ions, as well as
backbone mobility. The polymers synthesized in this work represent a new class of
materials for solid polymer electrolytes for structure-property studies. In addition, this
synthetic approach opens avenues to novel mixed heteroatom polymers, including redox
tunable thioether groups. For example, PESO-1 and PES-1 are water soluble, but their
precursor, PETE-1, is not. Varying the monomers used to make these, and other,
polymers will yield new tunable redox sensitive materials, with a wide variety of
potential applications.
The polymer chemistry PETE-1 was also incorporated into a block polymer
system using a di-norbornene PS macromonomer. These samples showed significant
polymer elongation and appropriate block composition, and demonstrated phase
separation both by SAXS and DSC. Conductivity of a particular sample demonstrated
that through this synthetic approach, near quantitative conductivity was maintained with
respect to volume fraction of the conducting block, implying a continuous morphology.
The materials also demonstrated a high modulus, roughly 100 MPa, at room temperature,
further corroborating a continuous PS phase. Taken together, this step-growth
polymerization around a premade macromonomer seems to be a tunable and robust
approach to bicontinuous materials for a variety of applications.
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CHAPTER 6
THE THIOL-ENE POLYMERIZATION AS A VERSATILE ROUTE TO
HIGHLY FUNCTIONAL MATERIALS

6.1 Introduction
The union of synthetic organic chemistry and polymer science over the last 20
years has enabled the generation of new materials containing practically every chemical
moiety conceivable.[179] These advances promise new macromolecules with a very high
degree of chemical functionality that is expected to rival nature’s biopolymers like
proteins and DNA. Major progress in tailor-made polymers has been facilitated by new
synthetic methods like controlled radical polymerization[180] and ROMP,[135] among
others,[181,182] as well as post-polymerization functionalization techniques such as socalled click reactions and activated ester methodologies.[183] Despite the many differences
among these strategies, most aim to generate new polymers with unprecedented degrees
of functionalization and precise control over the placement of that functionality.
Monomer design has also become sophisticated as tolerance to functional groups has
increased.[126,184,185]
Many of these new methods have inherent limitations, with oxygen and water
sensitivity being the most common. Controlled radical polymerizations often result in low
conversion, leading to the loss of otherwise precious monomer and limiting the
widespread accessibility of many chemically novel materials. Moreover, due to the chaingrowth nature of many polymerizations, functional groups are generally incorporated as
side chains pendant to the polymer backbone. However, there are numerous
opportunities, ranging from lithium ion conductivity by poly(ethylene oxide)[89] to
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selective degradability of poly(lactic acid)[186] where functional group incorporation into
the polymer backbone (main-chain) is preferred.
The realization of a polymerization technique that is capable of overcoming
oxygen, water, and functional group sensitivity while also providing spatial control over
functional group incorporation (main-chain/pendant, density) would be a powerful
addition to our current synthetic toolbox. With these ambitious goals in mind, we present
the thiol-ene step-growth (TES) polymerization and demonstrate its ability to incorporate
both main-chain functional groups (zwitterion, carbonate) and pendant functional groups
(diol) under ambient conditions. This approach, which exploits the thiol-ene reaction to
generate novel polymers, differs from the originally reported and most widely employed
use of click reactions, which is to functionalize existing materials.[32,35] The ability to
utilize both functional dienes and dithiols indicates a near infinite combination of
possible polymer chemistries. Additionally, the thioethers within the resulting polymers
are redox sensitive and can be controllably oxidized to obtain either a main-chain
sulfoxide or sulfone, dramatically changing the polymer polarity and solubility
properties. We take a moment to recognize that this polymerization is not living or
‘controlled’, in contrast to the aforementioned techniques, and thus is proposed not as a
replacement but as a complementary route to novel materials. The potential of this
method significantly increases the chemical landscape for macromolecular scientists to
design new macromolecules.
The radical addition of a thiol across a carbon-carbon double bond is a reaction
that has been known for over a century.[36] While it has found widespread application in
network formation,[32] it is only recently that the thiol-ene reaction has gained “click”
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status and thus increased use in the field of polymer science.[35] Demonstrating
exceptional water, oxygen, and functional group tolerance, the thiol-ene reaction
proceeds with high efficiencies, provided that the ene reactivity is high.[40] Despite its
utility, simple step-growth polymerizations mediated by this reaction and the resulting
polymers are understudied.

Figure 74. The thiol-ene step-growth polymerization (top) and selective oxidation of
TES polymers (bottom).
In 1948, Marvel was one of the first to identify the thiol-ene addition as a possible
route to the generation of macromolecules by considering the step-growth reaction of dienes and di-thiol, illustrated in Figure 74.[54] Over the last six decades, there have been
some reports documenting the step-growth polymerization of single monomer styrenic
thiols and two monomer systems utilizing aliphatic dithiols, diallyl ethers, divinyl ethers,
and α,ω-alkylene thiols.[62–65] More recently, work from our own group demonstrated the
polymerization of numerous dithiols and divinyl ethers, as well as their oxidized
analogues, and the potential of these molecules to coordinate and conduct lithium cations
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as solid polymer electrolytes.[187] Using this same reaction, albeit with norbornene as the
ene, we have also demonstrated linear multiblock copolymer formation through the
reaction of telechelic dithiol and dinorbornene macromonomers, described in Chapters 3
and 4.[52,152] Here, we report the TES polymerization of monomers to demonstrate its
functional group tolerance and spatial control, in addition to its redox responsive
behavior. Through these examples, we show that the TES polymerization is a viable
candidate to generate novel, functional group dense macromolecules, and greatly
improves polymer scientists’ access to new and interesting molecules.

6.2 Monomer and Polymer Design and Synthesis
To demonstrate the wide functional group tolerance of both TES polymerizations
and the subsequent oxidation reactions, we focus on four divinyl ether/dithiol monomer
sets incorporating main- and side-chain functionalities (Scheme 6). A main-chain
carbonate divinyl ether monomer (1) was designed to form the most chemically labile
polymer. As such, this sample tests both the limits of oxidative stability within this
platform and also serves as inspiration for novel degradable materials.[188] Carbonate
containing polymers have also attracted attention as solid polymer electrolytes for lithium
ion conduction.[103]
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Scheme 6. Synthesis of monomer systems to be investigated through TES
polymerization.
Another

divinyl

ether

main-chain

functional

monomer,

containing

a

phosphocholine zwitterion (2), was synthesized to highlight the potential of hydrophilic
and charged group incorporation into these polymers. Zwitterions have seen a recent
surge in interest, not only as anti-fouling agents, but also as buffer layers in organic
photovoltaics, leading to dramatically increased efficiencies.[189,190] Polyzwitterions are
also known for their biomimetic and biocompatible nature, along with their antipolyelectrolyte properties.[191] Additionally, there are extremely limited accounts of mainchain zwitterions, so the incorporation of a main-chain phosphocholine demonstrated
here is one example of a new macromolecule enabled by TES polymerization.
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Scheme 7. Polymerizations of monomers in this study, and the subsequent oxidations of
the TES polymers to achieve sulfoxide and sulfone containing polymers.
A diol functional group was selected to illustrate side-chain functionality with the
interest of mimicking the properties of carbohydrates.[192] In contrast to the previous two
systems, the pendant diol was also incorporated through the dithiol monomer, in this case
dithioerythritol (DTE, 3), highlighting the versatility of this polymerization method and
its ability to selectively incorporate functional groups in either monomer. A fourth
monomer is also examined, containing a pendant Boc-protected amine (4), and derived
ultimately from aspartic acid. This monomer was synthesized, polymerized, and oxidized
with potential antimicrobial activity in mind;[127,131] unfortunately, during the Boc142

deprotection step, the ester bonds within the backbone partially degraded, leading to a
sample with severely decreased molecular weight. By tuning the monomer structures,
TES polymerization can lead to a near infinite combination of functionalized polymers
and is expected to be the vehicle of numerous novel materials and structure-property
relationship studies.

Figure 75. 1H NMR (500 MHz, CDCl3) of monomer 1 and polymer P1-S, demonstrating
complete conversion of vinyl ethers.
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Figure 76. 31P NMR of monomer 2, its corresponding polymer P2-S and the oxidized
sulfoxide and sulfone polymer P2-SO and P2-SO2.
To synthesize materials through TES polymerization, divinyl ether monomers 1,
2, and 4 were copolymerized with triethylene glycol dithiol, whereas DTE (3) was
copolymerized with triethylene glycol divinyl ether (Scheme 7). These reactions yielded
the corresponding polymers P1-S, P2-S, P3-S, and P4-S. All polymerizations proceeded
quantitatively by 1H NMR. Peaks associated with the vinyl ether functionality were
completely gone in crude polymer samples for P1-S, P2-S, and P4-S (example in Figure
75). P3-S crashed out of solution during polymerization, though 1H NMR of the
precipitate also revealed no vinyl ether.

31

P NMR of 2 showed a minute shift in the lone

phosphodiester peak when compared to P2-S, indicating a very small change in chemical
environment brought on by polymerization (Figure 76).
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Table 12. Molecular Weight Properties of TES Polymers.
Sample
Mn (kg/mol)
Mw (kg/mol)
Ɖ
a
a
10.1
17.5
1.7a
P1-S
a
a
11.4
19.2
1.7a
P1-SO
a
a
16.7
26.1
1.7a
P1-SO2
32.6 b
58.7b / 11.2c
1.8b
P2-S
20.3 b
32.2b / 16.0c
1.6b
P2-SO
b
b
c
14.6
23.4 / 12.3
1.6b
P2-SO2
50.2b
67.1b
1.3b
P3-S
b
b
43.3
59.7
1.4b
P3-SO
45.3b
68.8b
1.2b
P3-SO2
8.5a
13.6a
1.6a
P4-S
a
a
7.6
12.2
1.6a
P4-SO
6.1a
9.8a
1.6a
P4-SO2
a
As measured by GPC using DMF as the eluent relative to
PMMA standards. bAs measured by TFE GPC relative to
PMMA standards. cAs determined using SEC-MALLS in
aqueous 0.1 M NaCl

Polymers were purified of residual photo-initiator by precipitation into diethyl
ether after which gel permeation chromatography (GPC) was used to qualify molecular
weight and dispersity (Ð). P1-S and P4-S were analyzed using DMF (0.1 M LiCl) as a
solvent, and showed Mn values of 10.1 and 8.5 kg/mol, respectively (Table 12). P2-S and
P3-S were analyzed using TFE (0.02 M sodium trifluoroacetate) as the eluent, yielding
estimated Mn values of 32.6 and 50.2 kg/mol, respectively. Dispersities (Ð) for all
samples were within the range expected for a step-growth polymerization. In all cases, Ð
was less than the expected Ð = 2 (most probable distribution), which is attributed to the
loss of low molecular weight material during precipitation. The high Mn value observed
for P3-S could be attributed to the fact that the polymer crashed out of solution during
polymerization, and thus concentrated the end groups allowing for further reaction and
the achievement of high molecular weight product. Further experiments utilizing
different solvents would be required to determine this definitively.
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6.3 Oxidation Reactions to Yield Sulfoxide and Sulfone Containing Polymers
Due to the nature of TES polymerization, resultant polymers contain thioether
groups that are susceptible to oxidation, yielding either sulfoxide or sulfone
functionalities that dramatically change the polarity of the material. This trait has been
highlighted in work by Hubbell and coworkers, in which self-assembled PEO-PPS block
copolymer micelles destabilize upon oxidation of the PPS thioethers.[193] The ability to
selectively and quantitatively oxidize thioethers within polymers to either sulfoxides or
sulfones has also been demonstrated.[194,195] We recently investigated the impact of
sulfur-centered functional group polarity on lithium ion coordination and conductivity,
and found that indeed pure sulfoxide and sulfone polymers were both accessible and easy
to isolate utilizing either hydrogen peroxide or mCPBA as an oxidant, respectively.[187]
Here, we demonstrate this strategy is generalizable to thioethers containing an array of
functional groups by generating the oxidized analogues of P1-S, P2-S, and P3-S, both as
sulfoxides (named as PX-SO) and sulfones (named as PX-SO2).
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Figure 77. 1H NMR (500 MHz, CDCl3) describing the oxidation of the carbonate
containing polymer P1-S.
The conversion of thioethers to either sulfoxides or sulfones was monitored by
both 1H NMR and FTIR. As seen in Figure 77, protons α to the sulfur-centered functional
group moved progressively downfield as the level of oxidation increased. Each polymer
sample showed only one sulfur group signal; i.e. no over-oxidation to the sulfone exists
in the sulfoxide polymers, and conversely no residual sulfoxides are present in the
sulfone samples. This was qualitatively supported by FTIR, where a characteristic
sulfoxide or sulfone stretch appeared near 1020 cm-1 or from 1375 to 1325 cm-1
respectively, for the appropriate polymers. 31P NMR of the P2 series also showed a very
minor upfield shift of the single phosphodiester peak as the oxidation level increased, by
roughly 0.1 ppm (Figure 76).
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Figure 78. FTIR of monomer 1 and the P1 series. The ene peak is highlighted in 1,
whereas characteristic sulfoxide and sulfone stretches are indicated for P1-SO and P1SO2, respectively.
Tracking relative molecular weights of these polymers by GPC revealed no major
changes in either MW or Ð associated with degradation. The Mn for the P1 series
reported in Table 12 showed an increase from P1-S to P1-SO2; however, examining the
respective GPC curves in Figure 79 shows Mn is impacted by the changes in Ð as Mp
remains essentially unchanged. The GPC curves show that low molecular weight polymer
is lost during the workup procedures following oxidation of the P1 series, but that
polymer stability is maintained. This is critical, as the main-chain carbonate polymer was
the most likely to decompose, demonstrating polymer fidelity throughout this oxidation
process.
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Figure 79. GPC traces in DMF of the P-1 oxidized series. The change in R.I. response at
19.5 minutes is due to air associated with sample injection.
The P2, P3, and P4 series demonstrate qualitatively similar results; no
degradation of the main backbone is observed following oxidation but the reported Mn
values change slightly. Although, the P2 series polymers shows a progressive decrease
in molecular weight as the degree of oxidation increases, overall Ð remained constant.
The P3 series had a slight decrease in Mn for P3-SO and P3-SO2 compared to P3-S. To
better understand these observed decreases in Mn, the P2 series was analyzed by sizeexclusion chromatography multi-angle laser light scattering (SEC-MALLS), and the P3
series was analyzed by GPC using DMF with 0.1 M LiCl as the solvent. SEC-MALLS of
the P2 polymers yielded comparable Mw values for all three polymers, with P2-S having
the lowest, opposite to the TFE GPC data (Figure 80). DMF GPC of the P3 polymers also
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showed an opposing trend, with an increase in Mn for P3-SO2 when compared to P3-S
(Figure 81). The P2 series was insoluble in DMF, and therefore not analyzed by this
method. This data, in association with observed polymer stability through 1H and
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NMR data, as well as consistent polymer molecular weight distributions through
oxidation, indicates that any observed change in molecular weight, post-oxidation, is
almost certainly not associated with degradation. It is much more likely that the measured
MW values are impacted by the solvent quality as the polymers are oxidized.
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Figure 80. SEC-MALLS of the P2 series. Normalized RI response is represented by
solid lines, whereas normalized Rayleigh ratio is represented by dashed lines.
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Figure 81. Gel permeation chromatograms of the P3 series, using 0.1 M LiCl DMF as
the eluent. The peak at 24 minutes represents the toluene flow rate marker, whereas the
bimodal peak at 19 minutes is associated with air introduction following sample
injection.
Interestingly, the P4 series showing, in DMF GPC (Figure 82), similar results to
those observed for P3 in TFE GPC. Specifically, the molecular weight demonstrated a
slight decrease with oxidation state of the sulfur atoms, but, consistent with all other
samples, no major change in dispersity was observed. Regarding all of this data together,
it seems clear that by oxidizing the sulfur atoms within TES polymer backbones, a major
increase in polarity is induced, resulting in the solvent quality across the oxidized series
of a specific polymer chemistry changing substantially. This in turn alters the
hydrodynamic volume of a given chain in the same solvent, which results in a lower
observed molecular weight.
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Figure 82. GPC traces of the P4 series with increasing oxidation state. Samples were run
in DMF with 0.1 M LiCl, at a flow rate of 1 mL/min, using toluene as a flow rate marker.
PMMA standards were used to estimate molecular weight.
Due to the Boc group present within the P4 series, a deprotection step, using TFA
and DCM, was required to yield the primary amine needed for antimicrobial activity. A
standard procedure for removal, specifically the same used to deprotect the Boc groups in
the previously synthesized guanidinium containing polymers, was employed here. When
considering the CPPMs deprotected by this method, there are two ester groups per
polymer repeat unit, and it has been shown that these groups seem to retain fidelity. This
is important because there is an ester embedded within the backbone of the P4 series, and
any hydrolysis of this group would result in significant polymer degradation.
Unfortunately, GPC analysis of the polymer P4-S demonstrates that using this
deprotection procedure results in polymer decomposition and products with dramatically
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decreased molecular weights (Figure 83). When considering alternative routes to this
polymer series, the deprotected monomer is unfortunately not a viable option, as the
oxidation reactions would likely yield oximes, nitro and nitroso groups, and other
oxidized amine species. While the P4-S deprotected polymer would likely be achievable
by using the deprotected monomer, it is my personal opinion that studying antimicrobial
effects as a function of sulfur oxidation state is much more interesting than simply
studying one polymer for such activity. Thus, to move forward with this system, a gentler
deprotection procedure will be required. There are a plethora of possible approaches to
achieve this, and in fact more stable, aryl ether backbones could even be employed.
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Figure 83. GPC trace of deprotected P4-S, demonstrating a significant decrease in
retention time. DMF with 0.1 M LiCl is used as the eluent, at a flow rate of 1 mL/min
with toluene as a flow rate marker.
6.4 Investigation of Carbonate/Sulfur Polymers as Electrolyte Materials
The carbonate functional incorporated into the P1 polymer series is an extremely
common moiety used in lithium battery electrolytes. Carbonates have a very strong
dipole moment, and thus are able to coordinate small lithium cations. If the carbonate
containing molecule is mobile enough, it can easily shuttle these cations from anode to
cathode in order to generate a current. However, most electrolyte systems that employ
carbonate functional groups use small molecules, in order to maximize mobility.[164]
There are some, albeit limited, accounts of SPEs that utilize carbonate groups as their
conducting moiety.[101–103] This limitation is due to the fact that with the inclusion of such
a polar group often significantly increases the polymer Tg. As discussed earlier, a low Tg
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is required for polymers to conduct ions in the dry state through backbone relaxations;
thus, carbonate SPEs must be carefully tuned in order to provide substantial conductivity.
The carbonate containing polymers in this chapter represent a potentially viable candidate
for this application, due to the low density of carbonate functional groups and thus likely
low Tg. In this section, the physical properties of the P1 series are discussed, in addition
to how they behave as lithium-polymer electrolytes.

Figure 84. DSC data of PS-1 with various LiTFSI loadings (left) and the oxidized P1
series (right).
The thermal properties as measured by DSC of polymer P1-S, with a variety of
salt loadings using LiTFSI, is shown in Figure 84. As expected, the Tg value increases as
the salt loading increases. This is because as the salt interacts with the polymer functional
groups, the chains are effectively tethered to cations which in turn decrease overall
polymer mobility. The slight, unexpected decrease in Tg at the salt loading of r = 0.2 is
thought to be due to plasticization effects brought on by increased water content, that is
largely facilitated by the hygroscopic nature of the lithium salt. Thermal properties were
also investigated for the higher oxidation state polymers P1-SO and P1-SO2, though only
neat without salt. With increasing oxidation state, an increase in Tg is observed, which is
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in good agreement with previous studies conducted on similar materials.[187,195]
Regardless, the extremely low Tg value observed for P1-S is encouraging, because as
stated previously, a low Tg is required for optimal ion conductivity.

Figure 85. FTIR of the P1 polymer series with varying loadings of LiTFSI. The
carbonate peak is focused upon because it represents the clearest and least obscured peak
in the samples, as well as a peak that undergoes change with salt.
Individual functional group interaction with the lithium cations was assessed by
FTIR. If a polar functional group, including ethers, carbonates, sulfoxides, and sulfones
within this series, interacts with some sort of ion, the vibrational spring constant is
altered, and the peak position by FTIR is also changed. Thus, polymers can be analyzed
using this method to effectively see which groups interact with the salt first with
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increasing salt concentration. Specifically, the carbonate region of the spectrum, at 1745
cm-1 for all three polymers within the P1 series, will develop a small should at lower
wavenumbers if there is an interaction. All three polymers are shown in Figure 85.
Interestingly, P1-S shows that at a salt loading of r = 0.2, effectively every carbonate
present is bound to or interacting with a lithium cation, due to the near complete shift. In
stark contrast, P1-SO and P1-SO2 show no shift whatsoever at lower salt loadings, and at
r = 0.2 only a minor should at a lower wavenumber is present. Thus, it would seem that
the lithium preferentially interacts with the sulfoxide and sulfone groups within these
polymers, though the carbonates do ultimately contribute once saturation occurs.

Figure 86. Conductivity of P1-S (left) and P1-SO (right) at the salt concentrations
measured.
Finally, the conductivity of these samples was measured by EIS. Samples P1-S
and P1-SO were analyzed at several different salt loadings, as can be seen in Figure 86.
P1-S, with its extremely low Tg, demonstrated high conductivity at the lowest salt
loading, rivaling that of the PETE-1 polymer discussed in the previous chapter. A similar
trend was observed for this sample compared to PETE-1, wherein increasing salt
concentration resulted in decreased conductivity. P1-SO showed significantly lower
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conductivity, again in relatively good agreement when comparing it to PESO-1 in the
previous chapter. While these materials do not demonstrate extremely high conductivity
associated with liquid organic electrolytes, they do demonstrate that it is possible to
incorporate novel functional groups into solid polymer electrolytes and obtain
conductivity values near PEO.

6.5 Thiol-ene Networks as Redox Sensitive Materials
By conducting the previously discussed polymerization in the presence of a crosslinker, a thiol-ene network of varying crosslinking density can be made. These types of
networks are incredibly well studied, and actually frequently employed in commercial
settings.[32,33,66] Oddly, performing oxidative chemistry on the resulting thioether
functional groups within the networks has gone largely unstudied. There are only a
handful of accounts that detail such networks and in what ways they respond to different
oxidative stimuli.[195] In this relatively brief section, a small slice of preliminary data
regarding thiol-ene networks and their redox sensitive properties are detailed. It should be
noted that the data acquired for this section do not yet constitute the material for a full
scientific report, and are thus presented broadly.
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Figure 87. Synthetic approach to a thiol-ene gel, wherein the crosslinking density is
controlled by the ratio of the di- and tetra-thiol.
By performing the same polymerization reaction used to generate PETE-1 in
Chapter 5, but adding a cross-linker used commonly within our group (pentaerythritol
tetrakis(3-mercaptopropionate)), a network that closely resembles a PEO derived material
can easily be generated. These networks were synthesized at three different crosslinking
densities, Mc = 2.5, 5, and 10 kg/mol, and were subsequently oxidized to convert the
thioethers to sulfoxides in a dilute hydrogen peroxide/water bath. Networks were first
studied simply to determine how efficient the crosslinking reaction developed, by
measure gel fraction across a multitude of samples. Gel fraction was determined by
measuring the original mass of the gel, swelling and dialyzing it in a good solvent, and
then measuring the mass after complete drying. Unfortunately, the only samples that
consistently provided high gel fractions (>95%) were those with the highest crosslinking
density (Mc = 2.5 kg/mol), and thus these were the samples that were taken forward for
further experimentation.
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Figure 88. Visual qualification of oxidation of a PETE-1 network, using dilute hydrogen
peroxide in water (3%).
Submerging network samples in a dilute hydrogen peroxide/water bath effectively
oxidized thioether groups, taking the networks from otherwise insoluble/non-swellable in
water, to materials with swelling ratios of roughly 4. More importantly, no significant
mass loss is attributed to the oxidation process, which is to be expected when referencing
GPC traces of oxidized series of polymers in previous sections. Thus, using this platform,
we believe we can access a family of network materials that can be redox tuned to either
hydrophobic collapsed or hydrophilic swollen materials. Such a network holds high
promises for fields such as drug delivery in oxidative environments, and is currently
being pursued by junior members of the Tew group.

6.6 Conclusions
Through the step-growth polymerization of dithiols and divinyl ethers, we have
demonstrated the synthesis of polymers containing important functional groups both
within the main-chain (carbonate, phosphocholine zwitterion) and pendant (diol). Using
the resulting thioether, inherent to this polymerization technique, quantitative and
selective oxidation reactions were performed to generate either backbone sulfoxides or
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sulfones. We have also shown that either monomer, the dithiol or the divinyl ether, is
capable of bearing the functional group of interest. Obvious extensions include polymers
with increased functional group density or mixed composition, where both monomers
contain a tailored functional group. These features demonstrate the incredible modularity
afforded by TES polymerization and its ability to create a plethora of tailored, functional
polymers. Even so, it should be kept in mind that the polymerization mechanism is stepgrowth; different polymerization conditions systems will lead to different molecular
weights and dispersities near 2 (Ð ≤ 2 in this work). Regardless, with its functional group,
water, and air tolerance, commutable nature, accessible synthesis, and generation of an
understudied class of polymers, TES polymerization is a strong candidate for the next
generation of advanced materials.
Additionally, a cursory investigation of redox tunable networks was performed.
Materials with varying crosslinking densities and chemistries seem very accessible
through this route, and more importantly are able to undergo selective oxidation to
sulfoxide containing networks, allowing for a dramatic polarity shift. Such materials are
fascinating candidates for applications such as drug delivery.
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CHAPTER 7
FUTURE DIRECTIONS
This dissertation has discussed two major scientific thrusts: the design and
synthesis of novel, guanidinium containing cell penetrating peptide mimics, and more in
depth the application of the thiol-ene reaction to achieve new and interesting polymer
architectures and chemistries. Some strategies are briefly discussed in the conclusion
sections of the previous chapters, and are collected and expounded upon here.
Specifically, research directions designed to be complete projects for new students are
discussed.
Based on several literature reports, increased guanidinium density in synthetic cell
penetrating peptides seems to be key for highly efficient cargo delivery. Additionally, a
dedicated hydrophobic domain has been shown to be critical for non-covalent cargo
coordination, particularly with regard to proteins. In order to improve guanidinium
density while still working within our synthetic platforms, several molecules have been
proposed. Namely, by employing aqueous RAFT with deprotected di-guanidinium
styrene or methacrylate monomers, especially high charge density and potential improved
delivery should be accessible. Additionally, utilizing a Boc-amino aldehyde for a
Knoevenagel condensation with cyclopentadiene leading to a bicyclic maleimide Diels
Alder adduct would provide a route to incorporating guanidinium into the bridgehead of
our ROMP platform. Moreover, the single guanidine monomers described here, namely
the styrene and methacrylate based molecules, have the opportunity to be combined with
a variety of other RAFT-based polymer chemistries. Commercial monomers ranging
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from varying hydrophobic components, hydrophilic monomers, and even monomers that
would lead to polyampholytes could be employed.
The primary focus of this dissertation is the implementation of the thiol-ene
reaction to achieve novel polymer chemistries and architectures. While PS-PEO
multiblock copolymer polymer chemistry was studied in depth, there are numerous other
multiblock polymers that this platform can enable. For example, by custom synthesizing
a dihydroxy RAFT or ROMP polymer and functionalizing it with norbornene, any option
from a myriad of chemical groups can be incorporated. By conjugating these custom
polymers through the thiol-ene reaction, it would be possible to examine applications
such as organic photovoltaics, water desalination, and gas separation and storage.
A slew of new polymer chemistries realized by the thiol-ene polymerization have
also been described, though none have actually been implemented for application. The
main-chain polyzwitterion is of particular interest, as it has the potential to elucidate new
structure-property relationships when the charged unit is contained within the
background. Moreover, this polymer system could easily be implemented as an
antifouling coating or delivery agent. The polycarbonate and diol containing polymer are
also of great interest, from a biodegradable and carbohydrate mimicry aspect,
respectively. Additionally, by synthesizing new tailored dithiol monomers, mixed
functional group polymers with high spatial control can easily be synthesized and
oxidized to further tune properties.
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CHAPTER 8
EXPERIMENTAL METHODS

8.1 Materials and Instrumentation
Starting materials, reagents, and solvents were purchased and used without further
purification unless otherwise noted. All chemicals were purchased from either TCI
Chemicals, Beantown Chemicals, Alfa Aesar, Sigma Aldrich, Fischer Scientific, or
Matrix Scientific. Tetrahydrofuran was dried by distillation over sodium, and triethyl
amine and dichloromethane were dried by distillation over calcium hydride. Dialysis
membranes were purchased from Spectrum Laboratories.
A Blak-Ray 100 W B-110 AP/R lamp was used to irradiate samples for
photopolymerization. NMR was acquired using a Bruker 500 MHz Ascend retrofitted
with a cryo-probe (500 MHz 1H, 126 MHz

13

C, 202 MHz

31

P). FTIR was performed

using a PerkinElmer Spectrum 100 FTIR spectrometer with a Universal ATR sampling
accessory. GPC experiments in THF were performed using an Agilent 1260 series system
equipped with both a refractive index (RI) and an ultraviolet (UV) detector, a PL Gel 5
μm guard column, two 5 μm analytical Mixed-C columns, and a 5 μm analytical MixedD column (Agilent). All columns were connected in series and incubated at 40 °C. THF
was used as the eluent with a flow rate of 1.0 mL/min. GPC data in DMF was obtained
using an Agilent Technologies 1260 Infinity, fitted with a Gel 5 μm guard column, a PL
Gel 5 μm mix D 1° column, and a PL Gel 5 μm Mix C 1° column. Columns were
maintained at 50 °C in a mobile phase of DMF with 0.1 M LiCl. Samples were run at a
flow rate of 1 mL/min, using toluene as the flow rate marker. GPC data in TFE was
obtained using an Agilent 1200 equipped with a degasser, refractive index detector, a
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Polystrand Service (PSS) PFG guard column (8x50 mm), and three PSS-PFG analytical
linear M columns (8x300mm). Columns were maintained at 40 ᵒC, using TFE (0.02 M
sodium trifluoroacetate) as the mobile phase. Samples were run at a flow rate of 1
mL/min using methanol as the flow rate marker. All polymer molecular weights were
determined using either poly(methyl methacrylate) or poly(styrene) standards. SECMALLS data was acquired using an Agilent 1100 series equipped with a PSS SuperMA
Max 10 μm guard column, a PSS SuperMA Max 1000 10μm 8x300 mm analytical
column, and a refractive index detector. Columns were maintained at 33 ᵒC, using 0.150
M NaCl water as the eluent. Samples were collected at a flow rate of 1 mL/min, and light
scattering data was obtained during elution using a DAWN EOS Enhanced Optical
System. Mass spectroscopy was recorded using a Bruker MicrOTOF ESI-TOF Mass
Spectrometer at the University of Massachusetts, Mass Spectroscopy Facility.
TGA of all samples was acquired using a Thermal Instruments Q50, with a N2
sample flow rate of 60 mL/min and balance flow rate of 40 mL/min. DSC of all samples
was acquired using a Thermal Instruments Q200 DSC with a liquid nitrogen cooling
system, and a N2 sample flow rate of 50 mL/min. For each sample, 1-3 mgs were loading
into aluminum pans, hermetically sealed, and run using a heat/cool/heat method.
Samples were heated to 120 °C at a heating rate of 10 °C/min, cooled to -100 °C at a rate
of 5 °C/min, and finally heated again to 120 °C at a rate of 10 °C/min. The final heating
curve was used for thermal property evaluation.
For EIS measurements, aluminum mounts were initially sputter coated with gold
using a Cressington 108 Sputter Coater. Samples were placed between two mounts inside
a spacer cut from PTFE tape with a small hole in the center. The sample was then loaded
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into a custom system that multiplexes the impedance analyzer to one of eight
temperature-calibrated positions within a Cascade TEK TVO-2 vacuum oven. Samples
were heated under vacuum and held at 120 °C for four hours in order to remove any
residual solvent or moisture, then allowed to cool to ambient temperature. Impedance
spectra in the frequency range of 10 MHz to 0.1 Hz were recorded for each sample at
repeated time intervals of 30 minutes during the experiment. The bulk resistance to ion
conduction, R, was extracted by fitting a constant function to the first plateau of the
impedance magnitude occurring at high frequencies; conductivity was then computed
from the known sample area, A = 0.072 cm2, and thickness of the spacer tape, d = 0.029
cm, as σ = d/(A*R). All chemicals were purchased from Sigma Aldrich, Alfa Aesar,
Acros Organics, TCI, and BASF, and were used without further purification.
Electrochemical stability studies were performed using a single-compartment
three-electrode cell with a platinum flag as the counter electrode, a non-aqueous Ag/Ag+
reference electrode (calibrated versus ferrocene/ferrocenium (Fc/Fc+) standard redox
couple as an external standard), and a platinum button (0.02 cm2) as the working
electrode. Cyclic voltammetry measurements were carried out on a BASi Epsilon
potentiostat scanning voltage from -1.00 to 1.00 V in 0.1 M LiTFSI DMF electrolyte
solution with the analyte concentration of ca. 1-3 mg/mL. All potentials are reported vs.
Fc/Fc+ redox couple.
Neat MBC samples were annealed at 130 ºC for three hours and cooled to room
temperature before scattering measurements were performed. Scattering of neat samples
was performed using the Kyoto University Small-Angle X-ray Scattering Apparatus
(NANO-Viewer IP system, Rigaku Co. Ltd. Japan). The instrument consists of 1.2 kW
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(40 kV, 30 mA) rotating-anode X-ray generator (RA-Micro 7HF) with multilayer optics
(Conforcal Max-Flux optics) for focusing and monochromatizing (
wavelength of X-ray), a 2270 mm camera (1000 mm from the source to the sample and
1270 mm from the sample to the detector) including three pinhole slits (0.4 mm , 0.2
mm and 0.45 mm from upper stream) between the source and the sample, and two
dimensional (2D) Imaging Plate (IP) detector (R-AXIS IV++). WAXS measurements
were carried out with the same X-ray optics used for the SAXS measurements except for
reducing the sample-to-detector distance into 130 mm. Exposure time for taking an Xray scattering pattern was 3600 seconds. The obtained 2D data was corrected for the
absorption of the sample, subtracted air and background scattering and converted to 1D
data by circularly averaging.
Salt containing samples for SAXS were prepared as described. SAXS patterns
were obtained from an Osmic MaxFlux Cu Kα X-ray source with a wavelength of 1.54 Å
and a two-dimensional gas-filled wire array detector (both Molecular Metrology, Inc.) at
a distance of 1.476 m from the sample. The raw data were calibrated against the peak
position of a silver behenate standard which has a scattering vector of q = 1.076 1/nm.
Two-dimensional images were reduced to the one-dimensional form using angular
integration. Domain spacings were calculated from the principal scattering maxima (q*)
calculated using d = 2π/q*.
Samples were annealed at 130 ºC for three hours, cooled to room temperature, and
sectioned, producing 50-100 nm films using a Leica Ultracut at -80 ºC. The films were
stained under saturated RuO4 vapor, and imaged using a JEM 2000FX at 200kV.
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Values of χ were predicted with an equation developed by Balsara and coworkers,
used in their work predominantly for symmetric or near symmetric PS-PEO diblock
copolymers, and thus includes a correction factor to account for the presence of LiTFSI
salt at varying concentrations.[121] The χ values of the MBCs, both with and without salt,
were determined by treating each sample as though it were a diblock of the two
constituent macromonomers, a calculation necessary due to the N dependence of the
prediction. PEO volume fractions, fPEO, were calculated according to the literature.[120]
Dye leakage assays were performed using the following procedure.[196] Dye
release experiments were performed using a Biotek Synergy Mx fluorescence plate
reader. All fluorescence measurements were taken at an excitation wavelength of 492 nm
and emission wavelength of 517 nm. Vesicles were loaded with the self-quenching
fluorescent dye carboxyfluorescein and purified. A defined concentration of CPPM was
then added to a defined amount of vesicles, and the dye efflux was quantified by
measuring the fluorescence of the system. This was repeated for various CPPM
concentrations, so that a curve of dye efflux versus polymer concentration was obtained.
By fitting this curve as described below, the concentration that causes 50% of the
maximal dye release of the system, EC50, was determined. In our particular case, the
experiment was performed as follows: 1960 μL of Tris buffer (10 mM Tris, 107 mM
NaCl, pH 7.5) was added to the wells of a 12-well plate. 20 μL of 250 μM vesicle
solution (as defined above) was added to each well, creating an in-well concentration of
2.5 μM. A plate reader to quantify fluorescence was heated to 25 °C before continuing.
The plates were shaken at 25 °C and after 3 min a baseline fluorescence measurement, F0,
was taken. 20 μL of polymer/DMSO solutions containing varying concentrations
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(0.01−1000 μL) of polymer was added into wells with stirrers, and the plate was returned
to the reader for 10 min of shaking. After 10 min, another reading, F10, was taken. 20 μL
of 5% Triton X-100 in DMSO was added to the wells, and after 3 min a final
measurement, FT, was taken. FT and F0 allowed use to normalize fluorescence to measure
the fractional dye release:
Equation 5
𝑌 = (𝐹10 − 𝐹0 )/(𝐹𝑇 − 𝐹0 )
The fractional dye release Y was then fitted as a function of concentration, c, to
the Hill equation by a least-squares method:
Equation 6
(𝑐/𝐸𝐶50 )𝑛
𝑌 = 𝑌𝑚𝑎𝑥
1 + (𝑐/𝐸𝐶50 )𝑛
where EC50 is the concentration of 50% of maximal dye release and n is a fitting
parameter.
To determine siRNA internalization through CPPM facilitated delivery, the
following literature procedure was used.[17] Jurkat T cells and HeLa cells were cultured in
RPMI 1640 and DMEM, respectively, supplemented with 10% (v/v) FBS, 100 U/mL
nonessential amino acids, 100 U/mL sodium pyruvate, 100 U/mL penicillin, and 100
U/mL streptomycin. Jurkat T cells were incubated at 37 °C with 5% CO2 and passaged
24 h prior to experimentation. On the day of the experiment, PTDMs were mixed with
siRNA at an N:P ratio of 8:1 (50 nM siRNA/well), allowed to incubate at room
temperature for 30 min, and then added dropwise to the cells (4 × 105 cells/well; 1 mL
total volume) in a 12-well plate. Cells were incubated at 37 °C with 5% CO2 in serum-
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containing media for 4 h prior to analysis by flow cytometry. For HeLa cell experiments,
cells (5 × 104 cells/well; 1 mL total volume) in serum containing media were cultured in
12-well plates for 48 h so that the cells would be 70−90% confluent on the day of the
experiment. On the day of the experiment, PTDMs were mixed with siRNA at an N:P
ratio of 4:1 (50 nM siRNA/well) and allowed to incubate at room temperature for 30 min.
The cell media was replaced with fresh, complete media prior to adding the
PTDM/siRNA complexes carefully to the top of the sample wells. Cells were incubated
at 37 °C with 5% CO2 for 4 h in serum containing media prior to analysis by flow
cytometry. Cell viability was assessed using 7-AAD/Annexin V staining.
The following procedure was used to determine protein internalization in Jurkat T
cells. Varying amounts of protein and PTDMs were mixed in 200 µL PBS and left
undisturbed for 30 min at room temperature to allow complex formation. The mixture
was then added drop-wise to Jurkat T cells (4  105 cells) in either complete (with 10%
FBS) or serum free RPMI 1640 in a 12-well plate (1 mL final volume/well).
Commercially available reagents were used as suggested by vendors. After four hours of
incubation at 37 C, cells were harvested and washed three times with a solution of
heparin in PBS (20 U/mL) then resuspended in 300 µL of FACS buffer (0.2% BSA in
PBS) to be analyzed by flow cytometry (Becton Dickinson LSRII, BD Biosciences). The
fluorescence signal was collected at 530 nm for 10,000 cells after excitation at 488 nm.
Fluorescence intensity of the sample treated with protein alone was subtracted from the
intensieties measured in samples treated with the corresponding protein-carrier complex.
Cell viability after treatment was also assessed on these samples using flow cytometry by
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adding the membrane impermeable, DNA-binding, 7-amino-actinomycin D (7-AAD)
viability dye (BD Biosciences). Only viable cells were taken into account.

8.2 Synthetic Procedures and Relevant Spectra
CPPM Monomers
1: The following procedure was used for monomers 1, 2, and 3, where only the
carboxylic acid is variable. To a dried round bottom flask, 0.500 g of methacrylic acid
(5.8 mmol) was added, along with 1.762 g of 1,3-di-boc-2-(2-hydroxyethyl)guanidine
(5.8 mmol) and 0.071 g of 4-dimethylaminopyridine (0.57 mmol). The reagents were
dissolved under dry N2 in 29.0 mL of freshly distilled dichloromethane (0.2 M), after
which the solution was cooled to 0° C. To the cooled solution, 1.225 g N-(3dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (6.4 mmol) was added. The
reaction was warmed to room temperature and stirred overnight, diluted with 50 mL of
DCM, and washed with 5% KHSO4 (2x75 mL) and brine (1x50 mL). The organic phase
was dried over MgSO4 and concentrated. The sample was concentrated by rotary
evaporation, after which the residual oil was purified by column chromatography (silica,
3 : 1 hexanes : ethyl acetate) and concentrated in vacuo to yield monomer 1 as a white
waxy solid (1.594 g, 4.3 mmol, 74% yield). 1H NMR (300 MHz, CDCl3): δ 11.48 (1H, s),
8.66 (1H, t, J = 4.5 Hz), 6.16 (1H, s), 5.59 (1H, s), 4.27 (2H, t, J = 5.4), 3.75 (2H, q, J =
5.4 Hz), 1.96 (3H, s), 1.50 (9H, s), 1.49 (9H, s).

13

C NMR (75 MHz, CDCl3): δ 167.13,

162.33, 156.37, 153.17, 135.95, 126.14, 112.44, 79.50, 62.99, 39.60, 28.28, 28.04, 18.30.
HRMS-FAB calculated mass for C17H30N3O6 [M+H]+: 372.2, found: 372.2.
2: Monomer 2 was synthesized using the same procedure and column conditions
to yield a highly crystalline white solid (55% yield). 1H NMR (300 MHz, CDCl3): δ
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11.51 (1H, s), 8.76 (1H, t, J = 5.4 Hz), 8.03 (2H, d, J = 8.4 Hz), 7.46 (2H, d, J = 8.1 Hz),
6.76 (1H, dd, J1 = 11.1 Hz, J2 = 17.7 Hz), 5.87 (1H, d, J = 17.4 Hz), 5.39 (1H, d, J = 10.8
Hz), 4.45 (2H, t, J = 5.4 Hz), 3.84 (2H, q, J = 5.4 Hz), 1.50 (9H, s), 1.49 (9H, s).

13

C

NMR (75 MHz, CDCl3): δ 166.16, 156.43, 153.21, 142.11, 136.01, 130.08, 128.96,
126.13, 116.61, 83.31, 79.49, 63.24, 39.72, 28.28, 28.06. HRMS-FAB calculated mass
for C22H31N3O6 [M+H]+: 434.2, found: 434.2.
3: Monomer 3 was synthesized using the same procedure and column conditions
to yield a white powder (44% yield). 1H NMR (300 MHz, CDCl3): δ 11.48 (1H, s), 8.62
(1H, s), 6.13 (2H, m), 4.22 (3H, m), 3.72 (2H, q, J = 5.4 Hz), 3.08 (1H, b), 2.92 (1H, b),
2.26 (1H, m), 1.94 (1H, dt, J1 = 3.6 Hz, J2 = 11.7 Hz), 1.50 (9H, s), 1.49 (9H, s), 1.421.33 (2H, b).

13

C NMR (75 MHz, CDCl3): δ 176.06, 163.44, 156.35, 153.16, 138.09,

135.75, 112.47, 83.26, 79.47, 62.73, 46.62, 46.41, 43.11, 41.67, 39.70, 30.30, 28.28,
28.05. HRMS-FAB calculated mass for C21H33N3O6 [M+H]+: 424.2, found: 424.3.
4: To a dried round bottom flask, 1 g of cis-5-norbornene-exo-2,3-dicarboxylic
anhydride (6.1 mmol), 3.511 g of 1,3-di-boc-2-(2-hydroxyethyl)guanidine (11.56 mmol),
and 0.074 g of 4-dimethylaminopyridine (0.61 mmol) were added. The solids were then
dissolved in 30 mL freshly distilled dichloromethane (0.2 M), and stirred overnight,
facilitating the ring-opening of the anhydride. After the ring-opening was complete by
TLC, the reaction was cooled to 0 °C and 1.168 g of N-(3-dimethylaminopropyl)-N’ethylcarbodiimide hydrochloride (6.1 mmol) was added. The reaction was warmed to
room temperature and stirred overnight. The reaction was then diluted with 30 mL
dichloromethane, washed with 5% KHSO4 (2x50 mL) and brine (1x50 mL), dried over
MgSO4, and concentrated by rotary evaporation. The residual oil was purified by column
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chromatography (silica, gradient 3 : 1 hexanes : ethyl acetate → 1 : 1 hexanes : ethyl
acetate) and concentrated in vacuo to yield monomer 4 as a white powder (1.51 g, 2.0
mmol, 33% yield). 1H NMR (300 MHz, CDCl3): δ 11.49 (2H, s), 8.57, (2H, t, J = 5.1
Hz), 6.22 (2H, t, J = 1.8 Hz), 4.21 (4H, m), 3.70 (4H, m), 3.15 (2H, m), 2.66 (2H, d, J =
1.8 Hz), 2.07-2.01 (2H, b), 1.50 (18H, s), 1.49 (18H, s).

13

C NMR (75 MHz, CDCl3): δ

173.36, 156.28, 153.08, 137.97, 112.47, 83.18, 79.46, 63.11, 47.24, 45.93, 45.46, 39.59,
28.29, 28.05. HRMS-FAB calculated mass for C35H56N6O12 [M+H]+: 753.4, found:
753.4.
CPPM Polymer Synthesis
Poly-1: A general procedure is described here for Poly-1, and is used for Poly-2
and Poly-3. To a dried Schlenk tube was added 0.360 g of monomer 1 (0.97 mmol), 6.15
mg of 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (22.0 μmol), and 1.81 mg of
recently recrystallized 2,2’-azobis(2-methylpropionitrile) (11.0 μm). The solids were
dissolved in 4 mL toluene (0.25 M), and the resulting solution was degassed using freezepump-thaw until no gas was observed to evolve (generally 5x). The reaction was
backfilled with dry N2 and stirred at 70 °C for 3 hours, after which it was quenched by
immersion into ice water. A crude sample was recovered to determine percent
conversion, and the remaining sample was precipitated into cold hexanes (30 mL) 3 times
and dried in vacuo.
A general end group removal procedure adapted from the literature, also applied
to Poly-2 and Poly-3, is described here. To remove the dithiobenzoate end group, 82 mg
of polymer (10 μmol) were dissolved in 1.5 mL toluene, along with 33 mg of recently
recrystallized 2,2’-azobis(2-methylpropionitrile) (200 μmol). The reaction was degassed
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using freeze-pump-thaw until no gas was observed to evolve, backfilled with N2, and
stirred at 70 °C for 4 hours. The reaction was quenched by immersion into ice water. The
polymer sample was recovered by precipitation into cold pentane (10 mL, 3 x) until no
color associated with the chain transfer agent was present. This was confirmed by UVVIS, as well as 1H NMR.
A general Boc-deprotection step adapted from the literature is described here, and
further applied to all polymers. Briefly, 50 mg of Boc-protected Poly-1 was dissolved in
1 mL dichloromethane, to which was added 1 mL trifluoroacetic acid. The solution was
stirred overnight, after which TFA was largely removed by azeotropic co-evaporation
with methanol through rotary evaporation. The polymer was dissolved in RO water,
sealed in a 1 kDa MWCO dialysis bag, and dialyzed against RO for 2 days, after which
the final polymer Poly-1 was recovered by lyophilization.
Monomer 1 Kinetics: Briefly, a system similar to the polymerization of Poly-1
was used to probe monomer 1 kinetics. Aliquots were taken every 30 minutes, dried, and
analyzed by 1H NMR and THF GPC to determine % conversion and molecular weight
properties, respectively. A rate constant of 8.3E-5 L·mol-1·s-1 was determined (0.2 M,
75 °C).
Monomer 2 Kinetics: Briefly, a system similar to the polymerization of Poly-3
was used to probe monomer 2 kinetics. Aliquots were taken every hour minutes, dried,
and analyzed by 1H NMR and THF GPC to determine % conversion and molecular
weight properties, respectively. A rate constant of 4.5E-5 L·mol-1·s-1 was determined (0.2
M, 75 °C).
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Norbornene polymers (Poly-4 through Poly-7) were synthesized through adapted
literature procedures, using Grubb’s 3rd generation catalyst.[19,31]
Chapters 3-5 Thiol-ene Polymers and Electrolyte Preparation
Here, the synthesis of multiblock samples from Chapters 3 and 4 are described.
Macromonomers and multiblock copolymers were synthesized according to our literature
reports.[39,52] Briefly, multiblock copolymers were synthesized by the thiol-norbornene
click reaction. Stoichiometric amounts of PS and PEO macromonomers were dissolved in
dry THF at a concentration of 100 mg/mL, along with 2 wt% photoinitiator. Samples
were exposed to UV light (365 nm) for 2 hours, precipitated into pentane, and dried for
24 hours at 85 ºC. Multiblock polymer electrolytes were prepared by adding a solution of
LiTFSI in dry THF to neat MBC samples. Upon complete solvation, samples were dried
under vacuum at 110 °C for 24 hours. Constants for the RPA adjusted fit are as follows: α
= 15.6, β = 0.288, γ = 0.515, ε = 0.565.
Here, the synthesis of PETE samples from Chapter 5 is described. All PETE
samples were synthesized under stoichiometric vinyl ether-thiol ratios. PETE-1 is
presented here as a representative synthesis. To a 40 mL rubber sealed vial, 1.5 g
tri(ethylene glycol) divinyl ether (7.41 mmol), 1.35 g 3,6,-dioxa-1,8-octanedithiol (7.40
mmol), and 12.5 mL dry THF were added. The solution was sparged with N2 for 30
seconds, followed by the addition of 65 mg Irgacure 2959 (0.298 mmol). The reaction
was stirred and irradiated with UV light (365 nm) for one hour using a 100-watt BlakRay B-100 AP/R lamp. Solvent was removed by rotary evaporation, after which the
sample was redissolved in a minimal volume of THF, and precipitated into diethyl ether
(precipitation solvents for other samples were methanol for the 1-4 and diethyl ether for
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5-8). The sample was then dried under vacuum at 80 °C for 18 hours (typical yield for
PETE samples was 90%). 1H NMR chemical shifts for PETE samples are presented
below.
1: 1H NMR (500 MHz, CDCl3): δ 3.61 (4H, t, J = 6.7 Hz), δ 3.48 (4H, t, J = 5.2
Hz), δ 2.80 (4H, s), δ 2.75 (4H, t, J = 6.7 Hz), δ 1.66 (4H, b).
2: 1H NMR (500 MHz, CDCl3): δ 3.56 (4H, t, J = 6.8 Hz), δ 3.48 (4H, t, J = 6.1
Hz), δ 2.71 (4H, t, J = 6.7 Hz), δ 2.59 (4H, t, J = 6.7 Hz), δ 1.71 (4H, b), δ 1.66 (4H, b).
3: 1H NMR (500 MHz, CDCl3): δ 3.60 (4H, t, J = 7.1 Hz), δ 3.49 (4H, t, J = 6.1
Hz), δ 2.71 (4H, t, J = 7.0 Hz), δ 2.57 (4H, t, J = 7.0 Hz), δ 1.66 (4H, b), δ 1.61 (4H, b), δ
1.41 (4H, b).
4: 1H NMR (500 MHz, CDCl3): δ 3.60 (4H, t, J = 7.0 Hz), δ 3.48 (4H, t, J = 6.1
Hz), δ 2.71 (4H, t, J = 7.0), δ 2.56 (4H, t, J = 7.4 Hz), δ 1.66 (4H, bm), δ 1.60 (4H, b), δ
1.39 (4H, b), δ 1.31 (4H, b).
5: 1H NMR (500 MHz, CDCl3): δ 3.67 (12H, m), δ 2.77 (8H, m).
6: 1H NMR (500 MHz, CDCl3): δ 3.67 (12H, m) δ 2.78 (12H, m).
7: 1H NMR (500 MHz, CDCl3): δ 3.68 (12H, s), δ 3.66 (4H, t, J = 3.7 Hz), δ 2.79
(4H, s), δ 2.76 (4H, t, J = 6.7 Hz).
8: 1H NMR (500 MHz, CDCl3): δ 3.67 (16H, m), δ 2.78 (12H, m).
PETE-1: 1H NMR (500 MHz, CDCl3): δ 3.66 (24H, m), δ 2.77 (8H, t, J = 6.7
Hz).
Oxidation of PETE-1 to PESO-1. PETE-1 was oxidized following previous
reports of polyphosphazene oxidation.[112] To a 20 mL scintillation vial, 183 mg of
PETE-1 (1.32 mmol of thioether functional group) and 0.932 mL of 35% H2O2 in water
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(13.2 mmol) were added, followed by 9.3 mL of water. Though PETE-1 was not initially
soluble in water, the reaction was stirred overnight, after which no insoluble material
remained. Residual H2O2 was removed by dialysis against RO water for 2 days. The
polymer was then recovered by lyophilization (93% yield). PES-1: 1H NMR (500 MHz,
CDCl3): δ 3.87 (8H, b), δ 3.60 (16H), b), δ 3.31 (8H, b).
Oxidation of PETE-1 to PES-1. In a 20 mL scintillation vial, 224 mg of PETE-1
(1.62 mmol of thioether functional group) was dissolved in 4.5 mL THF, followed by the
addition of 1.4 g mCPBA (8.11 mmol). After stirring overnight, the reaction had become
opaque. Because the resulting polymer was insoluble in THF, the sample was chilled to 20 °C and the supernatant was decanted. The residual material was redissolved in a
minimal volume of CH2Cl2 and precipitated into cold diethyl ether. The polymer was
dried in vacuum for 18 hours at 80 °C, and recovered with a yield of 73%. PES-1: 1H
NMR (500 MHz, CDCl3): δ 3.87 (8H, b), δ 3.60 (16H), b), δ 3.31 (8H, b).
Preparing Polymer Electrolytes. Polymer electrolytes were prepared by first
dissolving a known amount of dried LiTFSI salt into an appropriate solvent (THF for 1-8
and PETE-1, 1:1 THF:MeOH for PESO-1, 1:1 CH2Cl2:MeOH for PES-1). The neat
polymers were dissolved in the salt solution to obtain a r = [Li]/[FG] ratio of 0.05, 0.1, or
0.2, where [FG] is the total molar concentration of ether, thioether, sulfoxide, and sulfone
functional groups. Polymer electrolyte samples were dried under vacuum at 80 °C
overnight.
Chapter 6 Functional Thiol-ene Polymers
Here, the monomer and polymer synthesis of materials described in Chapter 6 are
described.
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1. To a dry round-bottom flask, 1.68 g di(ethylene glycol) vinyl ether (12.7 mmol)
was added, along with 13 mL freshly distilled THF and 1.78 mL TEA (12.7 mmol). The
reaction was cooled over ice, and a solution of 2.00 g bis(pentafluorophenyl) carbonate
(5.1 mmol) was added dropwise. The reaction was warmed to room temperature and
stirred under N2 overnight. The solution was concentrated through rotary evaporation,
and purified on silica using a 7:1 → 1:1 :: hexanes:ethyl acetate gradient. Pure fractions
were dried in vacuo to yield monomer 1 (0.944 g, 3.3 mmol, 65% yield). 1H NMR (500
MHz, CDCl3): δ 6.50 (2H, dd, J = 7.5 Hz), 4.31 (4H, t, J = 4.5 Hz), 4.19 (2H, d, J = 14.3
Hz), 4.02 (2H, d, J = 6.3 Hz), 3.85 (4H, t, J = 4.5 Hz), 3.75 (8H, m).

13

C NMR (126

MHz, CDCl3): δ 155.12, 151.70, 86.78, 69.65, 69.01, 67.23, 67.03. HRMS-ESI
calculated mass for C13H22O7 [M+Na]+: 313.13, found: 313.13.

2a. Monomer 2 was synthesized using a recent literature procedure.[189] To a
flame-dried round bottom flask, 0.60 g vinyl ether ethylene glycol (6.8 mmol) was added,
along with 7.2 mL freshly distilled THF, and 1.0 mL freshly distilled TEA (7.1 mmol).
The solution was cooled to -20 ᵒC, and 0.927 g 2-chloro-1,3,2-dioxaphospholane 2-oxide
(6.5 mmol) was added dropwise. A precipitate rapidly formed, and the reaction was
warmed to room temperature and stirred for 2 hours, after which 15 mL anhydrous
diethyl ether was added. The TEA salt was removed over Celite®, and the flask and
Celite® column were washed several times with anhydrous diethyl ether. The solution
was concentrated and dried in vacuo for 30 minutes to yield product 2a in quantitative
yield. NMR was conducted to verify structure, but further characterization was not
179

performed due to the instability of this molecule. 1H NMR (500 MHz, CDCl3): δ 6.50
(1H, dd, J1 = 7.2 Hz, J2 = 14.4 Hz), 4.45 (2H, m), 4.39 (4H, m), 4.22 (1H, dd, J1 = 2.5
Hz, J2 = 14.4 Hz), 4.07 (1H, dd, J1 = 2.5 Hz, J2 = 6.8 Hz), 3.92 (2H, t, J = 4.6 Hz). 13C
NMR (126 MHz, CDCl3): δ 151.31, 87.28, 66.86, 66.65, 66.03, 66.01.

31

P NMR (202

MHz, CDCl3): δ 17.79.

2. Dimethylamino ethyl vinyl ether (0.75g, 6.5 mmol) was added to a flame-dried
round bottom flask. Using 3.3 mL anhydrous acetonitrile, 2a was transferred to this flask,
which was then stirred under N2 at 70 ᵒC for 5 days. Diethyl ether was then added to the
flask, which resulted in a taffy-like brown precipitate. A column of neutral alumina was
flushed with 10 column volumes of methanol, and then re-equilibrated in
dichloromethane. The brown precipitate was isolated, dissolved in dichloromethane, and
loaded onto the neutral alumina column. The column was then flushed with 10 column
volumes of 95:5 :: DCM:MeOH to remove less polar impurities, after which polarity was
increased to 90: 10 and ultimately 80:20 :: DCM:MeOH. Mixed fractions were observed
at the intermediate polarity condition. Pure fractions were combined, concentrated, and
washed with diethyl ether before drying in vacuo to yield monomer 2 (0.30 g, 0.97
mmol, 15% yield). 1H NMR (500 MHz, MeOD-d4): δ 6.53 (2H, m), 4.38 (1H, dd, J1 =
2.5 Hz, J2 = 14.4 Hz), 4.31 (2H, br), 4.26-4.22 (3H, m), 4.18 (1H, dd, J1 = 2.5 Hz, J2 =
6.7 Hz), 4.09 (2H, m), 4.02 (1H, dd, J1 = 1.8 Hz, J2 = 6.7 Hz), 3.90 (2H, t, J = 4.6 Hz),
3.83 (2H, t, J = 4.6 Hz), 3.73 (2H, t, J = 4.6 Hz), 3.26 (6H, s).

13

C NMR (126 MHz,

MeOD-d4): δ 151.49, 150.19, 87.64, 85.97, 67.55, 67.48, 63.97, 63.92, 61.34, 58.87,
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51.77.

31

P NMR (202 MHz, MeOD-d4): δ -0.41. HRMS-ESI calculated mass for

C12H24NO6P [M+Na]+: 332.12, found: 332.20.

P1-S. General thiol-ene polymerization follows a recent literature procedure.[187]
Monomer 1 (0.491 g, 1.69 mmol) and tri(ethylene glycol) dithiol (0.308 g, 1.69 mmol)
were dissolved in 6.8 mL dichloromethane in a 20 mL scintillation vial with a stir bar.
The photoinitiator, Irgacure 2959, was added (14.7 g, 67.3 μmol) was added and
dissolved in the solution. The scintillation vial was placed on a stir plate under the light
source at an angle such that the entire solution would be illuminated. The solution was
then stirred and irradiated at 365 nm for 1 hour, after which the DCM was removed by
rotary evaporation. The polymer was re-dissolved in minimal THF and precipitated three
into diethyl ether to remove residual photoinitiator. The sample was dried overnight in
vacuo, yielding polymer P1-S. 1H NMR (500 MHz, CDCl3): δ 4.29 (4H, t, J = 4.9 Hz),
3.73 (4H, t, J = 4.9 Hz), 3.64 (20H, m), 2.75 (8H, t, J = 7.1 Hz).
P2-S. Monomer 2 (0.0631 g, 0.204 mmol) and tri(ethylene glycol) dithiol (0.0372
g, 0.204 mmol) were dissolved in 0.82 mL methanol in a 1 dram vial with a stir bar. The
photoinitiator, Irgacure 2959, was added (5.2 mg, 23.8 μmol) was added and dissolved in
the solution. The scintillation vial was placed on a stir plate under the light source at an
angle such that the entire solution would be illuminated. The solution was then stirred
and irradiated at 365 nm for 1 hour, after which the methanol was removed by rotary
evaporation. The polymer was washed with diethyl ether, re-dissolved in methanol and
precipitated twice into diethyl ether to remove residual photoinitiator. The sample was
dried overnight in vacuo, yielding polymer P2-S. 1H NMR (500 MHz, D2O): δ 4.20 (2H,
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br), 3.88 (2H, br), 3.68-3.54 (20H, m), 3.13 (6H, s), 2.76-2.67 (8H, m).

31

P NMR (202

MHz, D2O): δ -0.39.
P3-S. Dithioerythritol (0.442 g, 2.87 mmol) and tri(ethylene glycol) divinyl ether
(0.580 g, 2.87 mmol) were dissolved in 11.5 mL methanol in a 20 mL scintillation vial
with a stir bar. The photoinitiator, Irgacure 2959, was added (25.1 g, 0.115 mmol) was
added and dissolved in the solution. The scintillation vial was placed on a stir plate under
the light source at an angle such that the entire solution would be illuminated. The
solution was then stirred and irradiated at 365 nm for 1 hour. After the polymerization,
the polymer had crashed out of solution. Supernatant methanol was removed by
decanting. The polymer was then dissolved in dichloromethane and precipitated twice
into diethyl ether to remove residual photoinitiator. The sample was dried overnight in
vacuo, yielding polymer P3-S. 1H NMR (500 MHz, CDCl3): δ 3.74-3.64 (18H, m), 2.98
(2H, dd, J1 = 2.5 Hz, J2 = 13.7 Hz), 2.80 (4H, t, J = 6.1 Hz), 2.71 (2H, dd, J1 = 7.9 Hz, J2
= 13.7).
3. Oxidations of thioether polymers to sulfoxide polymers: P1-SO. Oxidation
reactions, both with peroxide and mCPBA, follow literature procedures.[112,187] Polymer
P1-S (0.153 g, 0.671 mmol thioether) was added to a scintillation vial. 30% hydrogen
peroxide (0.760 mL, 6.71 mmol) was added to the polymer, after which water (7.6 mL)
was added to dilute the peroxide. The reaction was then stirred overnight. Initially, the
polymer was insoluble in the peroxide/water solution, but as the thioether groups were
oxidized, the resulting polymer dissolved. The reaction was then diluted with water (10
mL) and brine (10 mL), and extracted 3x15 mL with dichloromethane. The organic layers
were combined, washed 1x30 mL with brine, dried over MgSO4, and concentrated by
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rotary evaporation. The sample was dried overnight in vacuo, yielding polymer P1-SO.
1

H NMR (500 MHz, CDCl3): δ 4.29 (4H, t, 4.9 Hz), 3.93 (8H, t, J = 6.1 Hz), 3.72 (4H, t,

J = 4.9 Hz), 3.66 (12H, br), 3.09-2.91 (8H, m).
P2-SO. Polymer P2-S (10.3 mg, 41.8 μmol thioether) was added to a 1 dram vial.
30% hydrogen peroxide (0.0474 mL, 0.418 mmol) was added to the polymer, after which
water (0.474 mL) was added to dilute the peroxide. The reaction was then stirred
overnight. The reaction was then transferred to a 350-500 g/mol MWCO dialysis bag
using RO water to wash the reaction vial. The polymer was dialyzed against RO water for
2 days and dried by lyophilization, yielding polymer P2-SO. 1H NMR (500 MHz, D2O):
δ 4.19 (2H, br), 3.93-3.79 (10H, m), 3.67-3.58 (12H, m), 3.18-2.97 (8H, br), 3.12 (6H, s).
31

P NMR (202 MHz, D2O): δ -0.45.
P3-SO. Polymer P3-S (73.1 mg, 0.41 mmol thioether) was added to a scintillation

vial. 30% hydrogen peroxide (0.465 mL, 4.1 mmol) was added to the polymer, after
which water (4.65 mL) was added to dilute the peroxide. The reaction was then stirred
overnight. Initially, the polymer was insoluble in the peroxide/water solution, but as the
thioether groups were oxidized, the resulting polymer dissolved. The reaction was then
transferred to a 350-500 g/mol MWCO dialysis bag using RO water to wash the reaction
vial. The polymer was dialyzed against RO water for 2 days and dried by lyophilization,
yielding polymer P3-SO. 1H NMR (500 MHz, D2O): δ 4.12-4.00 (2H, m), 3.95-3.82 (4H,
m), 3.68-3.62 (12H, m), 3.31-2.92 (8H, m).
4. Oxidation of thioether polymers to sulfone polymers: P1-SO2. Polymer P1S (0.137 g, 0.593 mmol thioether) was added to a scintillation vial, and dissolved in 4 mL
THF with a stir bar. mCPBA (50-55%, 0.614 g, 1.78 mmol) was added, and the reaction

183

was stirred overnight after which the oxidized polymer had precipitated out of solution.
Supernatant THF was decanted off, and the polymer was dissolved in DCM and
precipitated into diethyl ether three times. The sample was then dried in vacuo, yielding
polymer P1-SO2. 1H NMR (500 MHz, CDCl3): δ 4.28 (4H, t, J = 4.9 Hz), 3.92 (8H, t, J =
5.5 Hz), 3.70 (4H, t, J = 4.9 Hz), 3.65 (12H, br), 3.38 (4H, t, J = 6.1 Hz), 3.35 (4H, t, J =
5.5 Hz).
P2-SO2. Polymer P2-S (8.1 mg, 33.0 μmol thioether) was added to a 1 dram vial,
and dissolved in 0.30 mL 2 : 1 :: trifluoroethanol : methanol with a stir bar. mCPBA (5055%, 30.4 mg, 88.1 μmol) was added, and the reaction was stirred for 10 minutes. The
reaction was concentrated, dissolved in minimal trifluoroethanol, and precipitated into
diethyl ether three times. The sample was then dried in vacuo, yielding polymer P2-SO2.
1

H NMR (500 MHz, D2O): δ 4.18 (2H, br), 3.93-3.84 (10H, m), 3.66-3.58 (12H, m),

3.52-3.39 (8H, m), 3.12 (6H, s). 31P NMR (202 MHz, D2O): δ -0.47.
P3-SO2. Polymer P1-S (67.8 mg, 0.380 mmol thioether) was added to a
scintillation vial, and dissolved in 1.8 mL DCM with a stir bar. mCPBA (50-55%, 0.393
g, 1.14 mmol) was added, and the reaction was stirred for 10 minutes after which the
oxidized polymer had precipitated out of solution. Supernatant DCM was decanted off,
and the polymer was dissolved in methanol and precipitated into diethyl ether three times.
The sample was then dried in vacuo, yielding polymer P3-SO2. 1H NMR (500 MHz,
D2O): δ 4.11 (2H, m), 3.92 (4H, m), 3.64 (12H, m), 3.59-3.39 (8H, m).
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